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Abstract
Nitrogen oxides NOx were anthropogenically emitted by various combustion processes. The
selective catalytic reduction with ammonia (NH3-SCR) has been established worldwide as
the most important technique for the abatement of NOx . Currently available catalysts
for NH3-SCR become strongly deactivated at temperatures below 473K in presence of
H2O which is unavoidable present in the exhaust gas arising from the combustion of
organic matter. In this work three different kinds of a modification of an SCR-catalyst
were discussed that cause a higher H2O-resistance. One is the application of a mixed-
oxide support material, the other is a mixed-oxide active component and finally a post-
preparative surface modification with organosilyl-groups. The catalysts were assessed
for their catalytic activity as well as their adsorptive, redox and other surface properties.
The interactions between H2O and the catalyst surface were investigated by means of
temperature programmed desorption (TPD), isothermal adsorption at elevated pressure
and a gravimetric method. Especially the H2O-TPD turned out to be a powerful method
for this purpose. Each of the three modifications caused a reduction in the H2O-catalyst
interactions. Beside a general increase of the activity of an SCR-catalyst, the purposeful
reduction of these interactions is considered to play a key role in the development of
catalysts with an enhanced H2O-resistance. However, there is a lack of publications that
deal with this correlation. Also the formation of the unwanted by-product N2O was
investigated. Its global warming potential is about 300-times that of CO2. The application
of a mixed-oxide support can reduce the release of N2O during SCR which was attributed
mainly to the suppression of the ER-type formation pathway. Also the N2O-formation is
not considered in many publications dealing with the development of SCR-catalysts.
Exposé
Stickoxide NOx werden von Menschenhand in verschiedenen Verbrennungsprozessen emit-
tiert. Die selektive katalytische Reduktion mit Ammoniak (NH3-SCR) hat sich weltweit
als wichtigste Methode zur Minderung von NOx -Emissionen etabliert. Derzeit erhältliche
Katalysatoren für die NH3-SCR werden bei Temperaturen unterhalb von 473K stark in
Gegenwart von Wasser desaktiviert, welches unvermeidbar in Abgasen aus der Verbrennung
von organischen Stoffen enthalten ist. In dieser Arbeit werden drei verschiedene Arten der
Modifikation von SCR-Katalysatoren diskutiert, die eine gesteigerte H2O-Resistenz bewir-
ken. Eine Methode ist die Verwendung von mischoxidischen Trägermaterialien, eine Andere
ist eine mischoxidische aktive Komponente und schließlich eine postpräparative Ober-
flächenmodifikation mit Organosilylgruppen. Die Katalysatoren wurden sowohl auf ihre
katalytische Aktivität als auch auf ihre adsorptiven, redox und andren Oberflächeneigen-
schaften untersucht. Die Wechselwirkungen zwischen H2O und der Katalysatoroberfläche
wurden mittels temperaturprogrammierter Desorption (TPD), isothermaler Adsorption bei
erhöhtem Druck und einer gravimetrischen Methode untersucht. Besonders die H2O-TPD
hat sich als eine leistungsstarke Methode für diesen Zweck herausgestellt. Jede der drei
Modifikationen bewirkte eine Verminderung der Wechselwirkungen zwischen H2O und
der Katalysatoroberfläche. Neben einer allgemeinen Erhöhung der Aktivität eines SCR-
Katalysators, wird die gezielte Verminderung dieser Wechselwirkungen als Schlüsselrolle in
der Entwicklung von Katalysatoren mit verbesserter H2O-Resistenz angesehen. Jedoch gibt
es zur Zeit kaum Publikationen, die diesen Zusammenhang behandeln. Daneben wurde auch
die Bildung von N2O als ungewünschtes Nebenprodukt bei der SCR-Reaktion untersucht.
Dessen Treibhauspotential entspricht ungefähr dem 300-fachen von CO2. Die Verwendung
von einem mischoxidischem Trägermaterial kann die Freisetzung von N2O während der
SCR verringern, was größtenteils auf die Unterdrückung der Bildung nach einem ER-
Mechanismus zurückgeführt wurde. Auch die N2O-Bildung wird in vielen Publikationen
über die Entwicklung von SCR-Katalysatoren nicht betrachtet.
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11 Introduction and Objectives
Nitrogen oxides NOx are gaseous air contaminants that are produced in natural and
anthropogenic processes. The environmentally most relevant oxides are nitric oxide NO,
nitrogen dioxide NO2 and further nitrous oxide N2O, which are the stable nitrogen oxides
at atmospheric conditions. NO is less toxic than NO2, but can easily transferred to it.
They are involved in the formation of acid rain, smog and tropospheric ozone. NO2 can
cause necroses, early aging and stunted growth on plants. Furthermore, it can lead to
overfertilization and acidification of soil. In addition, NO and NO2 cause irritation of
mucosa and reveal a strong risk for asthmatics to get bronchoconstriction. Thus, high
amounts of atmospheric NOx can lead to a loss on aquatic and terrestrial biodiversity.
Their emission is regulated by law. N2O is not toxic, however, it holds a strong greenhouse
potential and takes part in the depletion of the ozone-layer.
NOx are formed naturally in lightning or by bacteria in the soil. However, high amounts
are emitted man-made in combustion engines and plants. Three processes during the
combustion of organic matter at high temperatures can lead to their formation. (1) Thermal
NOx are considered to be the most relevant source and are formed by the oxidation of N2
by O2 from air at high temperatures. (2) Fuel NOx originate from N-containing fuels such
as certain oils, coals and especially biomass during their combustion. (3) And prompt
NOx are formed by the reaction of N2 with radical fuel-fragments such as CH or CH2.
Various techniques were developed to reduce NOx -emission from mobile and stationary
sources. They were divided into primary measures, that decrease the formation rate of NOx
during the combustion process, and secondary measures, where the exhaust gas is after-
treated to reduce the concentration of hazardous substances. One way of an after-treatment
is the reduction of NO or NO2 with a reducing agent such as ammonia to the natural air
components nitrogen and water. This reaction proceeds spontaneously at temperatures
above 1100K (selctive non-catalytic reduction, SNCR). At lower temperatures this reaction
can proceed with the help of a catalyst. This technique is called selective catalytic reduction
(SCR). Beside NH3 also other reducing agents such as hydrogen or hydrocarbons can
be applied. These days industrially used catalysts for NH3-SCR are able to work at
temperatures above 600K with a high conversion of NOx . Often, in smaller combustion
plants such as bakeries, forges or some waste incinerating plants the exhaust gases do not
reach such high temperatures. Thus, either the exhaust is required to heat up or if possible
a heat exchange unit needs to be installed. Both possibilities demand a higher financial
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and technical effort. Consequential, there is a need of new catalyst materials, that enable
the SCR at lower temperatures. With such a catalyst it would also be possible to place the
SCR-unit at a so-called low-dust or tail-end position of an exhaust gas treatment chain,
where less dust is present that can block the catalyst pores but also the temperature is
lower.
The biggest challenge in the development of NH3-SCR catalysts that are able to work in
the low-temperature (LT) region below 473K is the blockage of catalytically active sites on
the catalyst surface by water. Thus, the SCR-reactants NH3, NO and NO2 cannot reach
those sites. H2O is formed in every kind of combustion of organic matter. So, H2O-steam
is unavoidable present in every kind of exhaust fumes. Most of the SCR-catalysts are
based on transition metal oxides (TMO), which are due to their ionic structure in principle
excellent adsorbent materials for H2O at temperatures below 473K. There is also an other
way for the deactivation of an SCR-catalyst. If sulfur-containing fuels are used, ammonium
sulfate and sulfite can be formed and lead to a coverage of the catalyst surface.
The interactions of a catalyst with water have a crucial impact on their SCR-activity
in presence of H2O. However, this correlation is rarely discussed in literature and is the
scope of this work. The data arise from two research and development projects funded by
Arbeitsgemeinschaft industrieller Forschungsvereinigungen (AiF, no. 18515 N and 19650
BG). Both projects implied the development and modification of catalysts for LT-NH3-SCR.
Within the work on project 18515 N three different ways were found, which enable a higher
resistance of NH3-SCR-catalysts against water. One is regarding the composition of the
support material. Here a synergistic effect of titania and silica was investigated. One
other way is regarding the composition of the active phase. Here the catalytic activity in
dependence of the Mn-Ce-ratio was investigated. And the third way is a post-preparative
modification of the catalyst surface with hydrophobic organosilyl-groups. The influence of
each modification on the catalyst-water-interactions were investigated and their impact
on the SCR-activity in presence of H2O is discussed. The catalysts were characterized
regarding their adsorption, redox, textural and other surface properties. Considering that
the adsorption of water on the catalyst surface is a crucial step in the understanding of
the origin of a higher H2O-resistance, different techniques to investigate the interactions
of water and the catalyst surface were applied, compared and discussed.
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2.1 NH3-SCR
Exhaust gas of combustion sites can contain 2–15 vol.-% O2 and 20–1000 ppm NOx de-
pending on the applied fuel and conditions. The SCR-techniqe was applied first in the
1970s in Japan and later also in the USA and several european countries for the abatement
of NOx (deNOx ) [1]. Over the last decades this technology has become worldwide the
most effective commercial deNOx process for power plants and other stationary as well
as mobile sources and is still a recent topic in research and development [2, 3]. During
the NH3-SCR process in excess of O2 a variety of more or less complex reactions can ocur.
The so-called “standard-SCR” reaction can be summarized as follows [4]:
4NO + 4NH3 + O2 4N2 + 6H2O. (2.1)
Typically, about 5% of the NOx in exhaust gases consist of NO2. Additionally, it can be
formed over the SCR-catalyst:
2NO + O2 2NO2. (2.2)
This equilibrium is shifted fully to the right side at temperatures below 500K. However,
the gas-phase reaction is very slow at the relevant concentrations and can be neglected [5].
Depending on the NO2-concentration also the “fast-SCR” reaction can occur, which can
be summarized as follows [6, 7]:
NO + 2NH3 + NO2 2N2 + 3H2O. (2.3)
The reaction rate of the fast-SCR is about 10 times that of the standard-SCR. If more
NO2 than NO is present, also the “NO2-SCR” reaction can proceed, which is similar to
standard-SCR in reaction rate and can be summarized as follows [3, 7]:
2NO2 + 4NH3 + O2 3N2 + 6H2O. (2.4)
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NH3, which is applied as reducing agent for NOx , can also be oxidized by excess O2 over
the SCR-catalyst [5]:
4NH3 + 3O2 2N2 + 6H2O, (2.5)
2NH3 + 2O2 N2O + 3H2O, (2.6)
4NH3 + 5O2 4NO + 6H2O. (2.7)
This NH3-oxidation can be considered as unproductive, since no NOx is reduced, and
is sometimes ascribed as parasitic, since less NH3 is available for the SCR-reaction. At
high temperatures Eq. 2.7 can become more important and leads to a decrease in deNOx
efficiency [8].
The decomposition of NO
2NO N2 + O2, (2.8)
that is to say the back reaction of the formation of thermal NOx , is thermodynamically
favored, but does not occur for kinetic reasons. Applicable catalysts for this deNOx
reaction have not been found yet [5, 9].
2.1.1 NH3-SCR Catalysts
Various TMO-containing materials are currently investigated as catalysts for NH3-SCR.
In fact, every metal oxide which is active in oxidation catalysis (e.g. Mn, Cu, Fe, Ce, V)
can act as an active component in the SCR reaction [10–13]. Typical supports are TiO2,
Al2O3, zeolitic materials and also various carbon-based materials [14].
Vanadium-based catalysts, primary V2O5-WO3/TiO2 (VWT), are the most commonly
used commercial catalysts for stationary and mobile deNOx . V2O5 is usually loaded on a
very low level of about 1–2wt.-% on a support. Although a higher loading would increase
the catalysts activity in LT-region, it would also lead to the formation of higher amounts
of N2O which holds a strong greenhouse effect and a higher sensitivity to SO2 [15, 16]. The
strong Brønsted-acidity of V2O5 enables the adsorption of NH3 also at high temperatures.
TiO2 is a commonly used support. V2O5/TiO2 catalysts offer an operating window of
about 580–680K, which can be broadened by the addition of WO3 or MoO3 [17, 18].
Therby, also the Brønsted-acidity, the SO2-resistance and stability of anatase TiO2 phase
is increased [19].
To increase the LT-activity of a V2O5/TiO2 catalyst the promotion with MnOx was
investigated by Liu et al. [20]. They noticed an NO-conversion of 93% at 572K (GHSV =
128 000 h−1) for V2O5/TiO2 promoted with 2wt.-% MnOx while the same amount WO3-
promoter resulted in only 72% compared to 33% for unpromoted V2O5/TiO2. They
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explained this observation by enhanced redox properties via electronic interactions of V-
and Mn-oxide:
V4+ + Mn4+ V5+ + Mn3+. (2.9)
Similar observations for the promotion of V2O5/TiO2 were made by Shen et al. [21] with
Cu-Oxide and by Wang et al. [22] with Ce-oxide. However, one drawback of V-containing
catalysts is their biological toxicity1 paired with an escaping of V2O5 by sublimation under
SCR-conditions at temperatures above 900K. Therefore, it is advantegeous to develop
V-free catalysts [3, 24].
Another type of commercially available NH3-SCR catalysts are ion-exchanged zeolitic
materials which are predominately used for mobile deNOx applications. Particularly,
ZSM-5, beta, SAPO-34 and SSZ-13 promoted with Cu and/or Fe were widely investigated.
They show a superior deNOx activity and remarkable resistance to SO2 and H2O. In
general, Cu-containing zeolitic materials exhibit a higher LT-SCR activity but a lower
hydrothermal stability than Fe-containig [25, 26]. Ellmers et al. [27] prepared Fe-ZSM-
5 catalysts and noticed the existence of different portions of isolated Fe3+, oligomeric
FexOy -clusters and α-Fe2O3 depending on the Fe-loading. Among them the oligomeric
Fe-oxide was found to give the highest reaction rate for standard SCR, while isolated
Fe3+ was most active for NO-oxidation. In comparison to the large-microporous beta and
medium-microporous ZSM-5, the small-microporous SAPO-34 and SSZ-13 based materials
show a higher LT-SCR activity, hydrothermal stability, N2-selectivity and resistance to
hydrocarbon poisoning [28, 29]. Cu-SAPO-34 delivers a nearly full NO-conversion at
temperatures between 472 and 672K [30].
Not only the composition of the active phase influences the catalytic activity. It is
also effected by the composition of the support material. In general, SiO2-supported
catalysts reveal a lower deNOx -efficiency than TiO2- or Al2O3-supported [31–33]. However,
V2O5 supported on SiO2-TiO2 mixed oxide with low amounts of SiO2 shows a higher
NO-conversion, N2-selectivity and SO2-resistance than TiO2 alone [34, 35]. Similar results
were obtained for CeO2/SiO2-TiO2 were also the H2O-tolerance could be increased [36].
This effect is not only limited to SiO2-TiO2. Zhao et al. [37] supported CeO2 on several
single- and mixed-oxide supports. At 572K they noticed an NO-conversion of 67%
(GHSV = 65 000 h−1) for bare TiO2, 81% for SiO2-TiO2, 83% for Al2O3-TiO2 and even
93% for ternary Al2O3-SiO2-TiO2. This effect is also reported for Zr-containing mixed-
oxide supports [38].
For stationary applications of SCR-deNOx the temperature where the catalyst is active
determines the placement of the SCR-unit in the exhaust gas treatment chain. Here beside
the deNOx also an abatement of solid combustion residues (ashes) and SOx is conducted,
1LD50 221mgkg−1, rats (female), oral., 14 d; LC50 4.0mg l−1, rats (female), inhal., 14 d [23].
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which also can work only in a certain temperature range. VWT-catalysts usually need
to be placed at the beginning of the chain at a so-called high-dust position, where the
temperature is high but the exhaust gas is still containing high amounts of ashes and SO2.
In contrary, if the SCR-unit is placed at the so-called tail-end position, the temperature
is much lower but the catalyst is not afflicted by ashes and only traces of SO2 [1]. The
different possible placements of an SCR-unit are illustrated in Fig. 2.1.
2.1.2 Mechanisms of NH3-SCR Reaction
The SCR reaction summarized in Eq. 8.1 is a complex reaction which mechanism was and
is controversially discussed over the last decades [10]. One reason for this complexity are
the numerous different adsorbed species, which can be formed by the SCR reactants NH3,
NO and NO2 on the catalyst surface depending on the reaction conditions and nature
of the catalyst. For example, NH3 can adsorb on Brønsted- or Lewis-acid sites and may
or may not be oxidized to amide NH2-, imide NH- or nitride N-species [39, 40]. NO can
adsorb on crystal defects or O-vacancies as nitrosyl or it can be oxidized to nitrite and in
the presence of O2 further to nitrate to form different monodentate, bridging or chelating
NOx -species on the catalyst surface [41]. All those species reveal different reactivities
and thermal stabilities by themselves and in dependence on the conditions and the used
catalyst.
Various mechanisms for the NH3-SCR reaction are reported in literature for different
catalysts. In all of them the adsorption and further H-abstraction of NH3 is regarded as
a key-factor. Here Brønsted- and Lewis-adsorbed NH3 show different reactivities. For
Mn-containing catalysts NH4+ adsorbed on Brønsted-acid sites plays a major role in
NH3-SCR at higher temperatures, while Lewis-coordinated NH3 is more important at
lower temepratures [3, 42]. In general, the NH3-SCR reaction can proceed on two different
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Fig. 2.1: Scheme of possible placements of the SCR-unit in an exhaust gas treatment chain; ESP -
electrostatic precipitator for removal of ashes, FGD - flue-gas desulfurization.
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mechanisms. Both are of a Mars-van-Krevelen-type [10, 42]: In the Eley-Rideal (ER)
mechanism gaseous NO reacts with activated adsorbed NH3, while in the Langmuir-
Hishelwood (LH) mechanism NO is adsorbed on basic sites, which then reacts with NH3
adsorbed on acid sites.
The LH-mechanism can be described by following reaction sequence [10, 43]:
NH3(g) NH3(ad) (2.10)
NO(g) NO(ad) (2.11)
Mz+−O + NO(ad) M(z−1)+−O−NO (2.12)
M(z−1)+−O−NO + NH3(ad) M(z−1)+−O−NO−NH3
M(z−1)+−O−H + N2 + H2O
(2.13)
M(z−1)+−O−H + 1
4
O2 M
z+−O + 1
2
H2O (2.14)
where (g) and (ad) represent gaseous or adsorbed species, respectively. It starts with the
adsorption of NH3 (Eq. 2.10) and NO (Eq. 2.11). Adsorbed NO is then oxidized by the
TMO and forms a surface nitrite (Eq. 2.12). With adsorbed NH3 this nitrite forms an
intermediate complex, which decomposes to N2 and H2O (Eq. 2.13). The decomposition
of this complex corresponds to the decomposition of ammonium nitrite NH4NO2 on the
catalyst surface. The last step and closure of the catalytic cycle is the re-oxidation of the
active metal center (Eq. 2.14).
The ER-mechanism can be described by following reaction sequence [10, 43]:
Mz+−O + NH3(ad) M(z−1)+−O−H + NH2(ad) (2.15)
NH2(ad) + NO(g) NH2NO N2 + H2O (2.16)
It starts also with the adsorption of NH3 (Eq. 2.10), which is then activated as NH2
(Eq. 2.15). Finally, the NH2 reacts with gaseous or weakly adsorbed NO via a nitrosamine
intermediate to give N2 and H2O (Eq. 2.16). Also in the ER-mechanism the catalytic cycle
is closed with the re-oxidation of the active metal center (Eq. 2.14).
Both mechanisms can proceed in parallel and with both, Brønsted- and Lewis-adsorbed
ammonia [44], although in Eq. 2.10 to 2.16 only the reaction of Lewis-adsorbed NH3 is
shown. The portion of the two mechanisms can depend on the temperature. Liu et al. [45]
found that on FeTiOx the LH-mechanism is the major pathway of the SCR-reaction at
temperatures below 472K, while it is the ER-mechanism at temperatures above 472K.
Similar results were received by Yang et al. [46] for MnFeOx -spinel catalysts. They also
found an increase of the portion of ER-mechanism by an increased mole fraction of Mn.
8 2 Literature Overview
A dual LH-ER-type mechanism was proposed by Chen et al. [47] on an MnFeTiOx
catalyst, which can be described as follows:
M(z−1)+−O−NO2 + 2NH3 M(z−1)+−O−NO2[NH3]2 (2.17)
M(z−1)+−O−NO2 + 2NH4+ M(z−1)+−O−NO2[NH4+]2 (2.18)
M(z−1)+−O−NO2[NH3]2 + NO(g) M(z−1)+−O + 2N2 + 3H2O (2.19)
M(z−1)+−O−NO2[NH4+]2 + NO(g)
M(z−1)+−O + 2N2 + 3H2O + 2H+
(2.20)
They found that from NO and O2 formed nitrate-species M(n –1)+ –O–NO2 can react in
LH-manner with Lewis-adsorbed NH3 or Brønsted-adsorbed NH4+ to an intermediate
complex (Eq. 2.17 and 2.18), which is then reduced in ER-manner by gaseous NO to
release N2 and H2O (Eq. 2.19 and 2.20). Savara et al. [48] reported that NH4NO3 on the
catalyst surface can be reduced by NO at temperatures above 443K to NH4NO2 which
further decomposes to N2 and H2O. They further report, that this reduction is catalyzed
by acid sites, hence, the required temperature can be lowered significantly.
The reaction mechanism of NH3-SCR over an MnOx/TiO2 catalyst was investigated by
Ettireddy et al. [49] by means of isotopic-labeled reactants and IR-spectroscopy. Their
results suggest, that lattice oxygen is involved in the SCR reaction rather than gaseous
O2. They also found that the formed N2 is composed of the N-atoms originating from
NH3 and NO. Based on their results, they postulated a plausible SCR mechanism over
MnOx/TiO2 catalysts which is shown in Fig. 2.2.
The fast-SCR reaction summarized in Eq. 2.4 proceeds especially at low temperatures
significantly faster than the standard-SCR reaction. The role of NO2 in the fast-SCR
and the mechanistic differences in comparison to the standard-SCR were investigated
by Tronconi et al. [4] over a commercial VWT-catalyst. Their proposed mechanism is
summarized in Fig. 2.3. They found that in both cases the rate-determining step of the
SCR reaction is the re-oxidation of the active metal center, which is carried out faster
and at lower temperatures by adsorbed nitrates (generated by NO2) than by gaseous
O2. Moreover, adsorbed NO2 can disproportionate and form nitrite and nitrate on the
catalyst surface. The nitrate acts also as reservoir of oxidation agent. While the nitrite can
further react with adsorbed NH3 to N2 and H2O, which can even proceed on non-reducable
adsorption sites.
2.1.3 N2O-Formation under SCR-Conditions
As mentioned before, one unwanted deep oxidation by-product of the SCR reaction
especially at high temperatures is nitrous oxide N2O. Its global warming potential is
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about 300 times higher than of CO2, it causes depletion of stratospheric ozone and it
has an average livetime of 120 years in the atmosphere [50, 51]. Therefore, a secondary
emission of N2O by SCR-deNOx should be prevented. It can be formed on several reaction
pathways during SCR preferentially at higher temperatures.
One way is a side reaction of the LH-mechanism of SCR and can be expressed by
following reaction sequence [10, 52]:
Mz+−O + NO(ad) + 1
2
O2 M
(z−1)+−O−NO2 (2.21)
M(z−1)+−O−NO2 + NH3(ad) M(z−1)+−O−NO2−NH3
M(z−1)+−O−H + N2O + H2O
(2.22)
An over-oxidation of adsorbed NO leads to the formation of adsorbed nitrate-species instead
of nitrite (Eq. 2.21). This nitrate can react with adsorbed NH3 to an intermediate complex
which decomposes by the formation of N2O and H2O (Eq. 2.22). This corresponds to the
decomposition of ammonium nitrate NH4NO3 on the catalyst surface. NH4NO3 is more
stable than NH4NO2. So it can accumulate on the catalyst surface at low temperatures
and block the active sites for the SCR-reaction [53].
Another way is a side reaction of the ER-mechanism of SCR and can be expressed by
following reaction sequence [10, 52, 54]:
Mz+−O + NH2(ad) M(z−1)+−O−H + NH(ad) (2.23)
Mz+−O + NH(ad) M(z−1)+−O−H + N(ad) (2.24)
NH(ad) + NO(g) N2O + H
+ (2.25)
N(ad) + NO(g) N2O (2.26)
The amide formed according to Eq. 2.15 is further oxidized to imide (Eq. 2.23) or even fully
H-abstracted to nitride (Eq. 2.24). Both of them react with gaseous or weakly adsorbed
NO to give N2O (Eq. 2.25 and 2.26). Thus, an over-oxidation of NH3 can be considered as
the origin of the N2O-formation on this pathway.
Also the unproductive NH3-oxidation described in Eq. 2.6 can lead to the formation of
N2O. A further way of N2O-formation was described over V2O5/TiO2 and involves the
interaction of two NO adsorbed on adjacent reduced V-sites that are formed from surface
nitrate and NH4+ [15, 55]:
V−ONH4+ + V−ONO2− 2V−ON + 2H2O (2.27)
2V−ON V−O + V ◦ + N2O (2.28)
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where ◦ represents an O-vacancy. However, this reaction is favored at high temperatures
and low pressures and probably takes only a minor part, in the N2O-formation [5, 15].
An isotopic labeling study by Ettireddy et al. [49] over MnOx/TiO2 at 448K suggests
that only about 20% of the formed N2O arises from unproductive NH3-oxidation while no
N2O is formed exclusively from NO. Kinetic and transient studies on MnOx/TiO2 [44] and
Mn-Fe-spinel [52] reveal that the N2O-formation can proceed via LH- and ER-mechanism,
but the contribution of the ER-mechanism especially at high temperatures is much higher.
An increase of NO-concentration did not influence the N2O-formation rate, what could
be expected by a predominating LH-mechanism (Eq. 2.21), but led to an increased N2-
formation rate by enforced reaction with NH2 (Eq. 2.16) which cannot be further oxidized
to NH. On the other hand, an increase of NH3-concentration resulted in an increase of
N2O-formation rate by an increased NH2-formation rate (Eq. 2.15), which leads to an
increase of NH-formation rate (Eq. 2.23).
The N2O-formation rate of SCR catalysts can be lowered by several modifications. The
composition of the active phase is crucial parameter. The promotion with CeO2 was used
to reduce the N2O-formation rate over V- and W-containing catalysts [56, 57]. Also the
loading of active component affect the formation of N2O. Its formation rate is increasing
over V2O5/TiO2 catalyst with increasing V-loading and consequently an increasing of the
density of active sites on the catalyst surface. It was considered that this is due to the
interaction of NO adsorbed on adjacent sites [15]. Also the catalyst support can affect the
N2O-formation rate. It was decreased for Ce- and V-containing catalysts by the use of
Ti-rich mixed-oxides of Ti, Si and Al in comparison to a single-oxide TiO2 support. The
use of ternary oxides even resulted in a greater decrease of N2O-formation rate than binary
oxides [34, 37]. Liu et al. [58] could lower the N2O-selectivity of a CeMnOx/TiO2 catalyst
by promotion with Ca which resulted in lower oxidation ability and lower formation of
NH. However, they also observed a reduction in NO-conversion by Ca-modification.
Due to the high stability of N2O it takes several afford to abate it, if it is formed once
[5]. Abatement of N2O can be achieved either by preventing its formation or by applying
of end-of-pipe technologies such as thermal decomposition, plasma technology, selective
adsorption and catalytic decomposition [59–61]. Here the direct catalytic decomposition
(deN2O)
N2O N2 +
1
2
O2 (2.29)
is the most promising method due to its simplicity and comparatively low energy re-
quirements. Supported noble metals (e.g. Rh, Ir, Pt), metal oxides and zeolite-based
materials are known to be efficient catalyst for deN2O. However, they all suffer strong
from an inhibiting effect of O2, H2O, CO, NO and CO2 [51, 62, 63] which are present in
exhaust gases of combustion sites. Huang et al. [64] prepared different deN2O catalysts
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by supporting Rh2O3 onto hydroxyaptite. Their best catalyst exhibited a nearly full
N2O-conversion (GHSV = 7000 h−1) at 523K in presence of only 5000 ppm N2O, at 573K
when additionally 5 vol.-% O2 were present, at 598K when additionally 2 vol.-% CO2
were present, at 673K when additionally 2 vol.-% H2O were present and at 723K when
additionally O2 + CO2 + H2O were present. Thus, under the conditions of real exhaust
gases the deN2O technique is only efficient at very high temperatures and inefficient in
LT-region. Therefore, it is not possible to install a deN2O catalyst after an SCR catalyst
to abate the formed N2O.
Secondary N2O-emission during SCR should be strictly avoided. Although, there is a
rising number of publications that deal with this N2O-formation (e.g. the ones mentioned
in this section) the majority of NH3-SCR-related publications do not deal with this topic2.
However, for the mentioned reasons the impact of a certain catalyst modification on the
N2O-formation rate should be known and the formation mechanism should be investigated.
This is necessary for the development of SCR-catalysts which do not cause a secondary
N2O-emission.
2.2 Deactivation of NH3-SCR Catalysts
Exhaust gases contain several components which can lead to a partial or full deactivation
of an SCR catalyst and consequently to a drop in deNOx efficiency. H2O is unavoidable
present in exhaust gases arising from the combustion of organic mater. Even mineral coal
as a highly carbonated bio-mass still contains about 5wt.-% of hydrogen and additional
wetness [65]. Another important catalyst poison is SO2 that arises from oxidation of
S-containing fuels, which is in fact every non-treated biogenic fuel [66]. When using a
VWT-catalyst, it is necessary to place the SCR-unit at the high-dust position of the
exhaust gas treatment chain (Fig. 2.1) where the temperature is still high enough. At this
position the exhaust gas still contains ashy combustion residues which can contain different
amounts of alkali oxides, alkaline earth oxides, As2O3 and heavy metals depending on the
origin of the fuel. They can block the pores of the catalyst or change the surface properties
[67–69]. In mobile applications also P2O5 originating from engine lubricant can cause a
deactivation of the SCR catalyst [70].
2.2.1 Deactivation by H2O
The content of H2O vapor in the exhaust gas of power plants is usually between 6 and
12 vol.-% [71]. It causes deactivation of SCR catalysts by a decrease of available active sites.
Even under dry conditions, the catalytic activity can be affected by H2O generated from
2Search by topic on www.webofknowledge.com (23.04.2019): 3576 entries for “NH3 SCR”, 2675 entries
for “NH3 SCR NO” and 421 entries for “NH3 SCR N2O”.
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the SCR reaction (Eq. 8.1) [72, 73]. The deactivation can be divided into a reversible and
an irreversible aspect. The reversible deactivation is caused by the competitive adsorption
between H2O and the SCR-reactants NO and NH3. This effect will disappear, if H2O is
removed from the gas stream. The irreversible deactivation is caused by hydroxyl groups
created by the dissociative adsorption of H2O on the catalyst surface [74]. Such hydroxyl
groups can be removed only by heating to 525–775K [75]. In general the deactivation by
H2O is more pronounced at temperatures below 472K than at higher temperatures [35,
76].
An impact of H2O of good nature is the reduction of the formation rate of N2O over
the catalyst, which was found to be caused by a lowered oxidation ability of the catalyst
towards NH3 and NO [75, 77, 78]. Their oxidation and activation are crucial steps in the
LH- and ER-mechanism of SCR. This is also a reason for the reduced deNOx activity
in presence of H2O vapor. However, in the presence of H2O also the over-oxidation
of the SCR-reactants to imide and nitrate is reduced, which leads to a suppression of
N2O-formation via LH- and ER-mechanism. The impact of H2O on the reaction steps
of both mechanisms is schematically summarized in Fig. 2.4. The blue hatched arrows
represent reaction steps that are impeded by H2O. It can be seen for both mechanisms
that two steps leading to N2-formation are impeded by H2O, while there are three steps
for N2O-formation. This is the reason why N2O-formation rate is stronger affected by H2O
than N2-formation rate. Over a CeCuTiOx catalyst an other promotional effect of H2O
was observed by Du et al. [79]. It caused a higher NO-conversion at high temperatures,
what was found to be due to an inhibition of unproductive NH3-oxidation by a reduced
oxidation ability of the catalyst.
Yu et al. [80] performed a post-preparative modification of Mn0.2Ti0.8O2 with hexam-
ethyldisiloxane and a subsequent calcination to introduce SiO2 on the catalysts surface.
NH3 NHNH2NO3-NO2- NH3
catalyst surface
NONH3
H2O
N2 N2O
H2O
H2O
N2 N2O
NH3
ER-mechanismLH-mechanism
NO NO
Fig. 2.4: Schematic summary of the impact of H2O vapor on SCR reactions via LH- and ER-
mechanism. Blue hatched arrows represent reaction steps impeded by H2O.
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They noticed a drop of NO-conversion of about 40% in presence of 5 vol.-% H2O at
423K for the unmodified catalyst, while the modified catalysts displayed only 15% less
NO-conversion. The NO-conversion in dry flow, NH3-adsorption and redox-properties
were barely changed by the modification. However, treatment with hexamethyldisiloxane
caused a larger pore width of the material, which was considered to be the main reason
for the improved H2O-resistance by a suppression of capillary condensation of H2O. Also
the support material can affect the H2O-resistance of an SCR catalyst. V- and Ce-oxides
supported on Ti-rich mixed-oxide supports of Ti, Si and Al showed a lower deactivation
of the SCR reaction in presence of 5 vol.-% H2O than using a single-oxide TiO2 support.
Moreover, catalysts with a ternary oxide support display a greater H2O-tolerance than
with a binary oxide support [35, 37].
In literature almost all reported improvements of the H2O-tolerance of SCR catalysts
come along with an increasing of the catalyst activity. This is also the case for the example
with mixed-oxide supports. In consideration of the essential reason of catalyst deactivation
by H2O, the decrease of H2O-affinity to the catalysts without disrupting the acidic and
redox properties could be the key point to deal with the H2O-tolerance problem [81].
In this connection, there is a lack of publications that deal with an investigation of the
number and strength of H2O-adsorption sites of a catalyst and the correlation with their
SCR-activity in presence of H2O.
2.2.2 Deactivation by SO2
Even down-stream of a desulfurization unit the exhaust gas still contains 35–150 ppm
of SO2 which can lead to deactivation of SCR catalysts especially at low temperatures.
The deactivation proceeds on three different pathways [42, 82]: (1) The sulfatation of the
active metal center which leads to its irreversible loss of catalytic activity [83]. (2) SO2 is
oxidized over the catalyst to SO3 which further reacts with NH3 and H2O to ammonium
sulfates (NH4HSO4 and [NH4]2SO4). They lead to a blocking of the catalysts surface and
pores. The coexistence of SO2 and NOx can even facilitate the SO2-oxidation [84]. (3) The
competitive adsorption of NO and SO2 [85]. The effect of SO2-poisoning is even stronger
if also H2O is present in the gas stream, which is the case for industrial applications.
The SO2-tolerance of SCR catalysts can be improved by the addition of CeO2. It was
found that it can facilitate the decomposition of NH4HSO4 on the surface of a V2O5-
MoO3/TiO2 catalyst [86] and prevents the formation of Mn(SO4)x on MnOx -containing
catalysts [87]. Further, sulfated CeO2 provides additional Brønsted-acid sites which
increase the adsorption of NH3 and creates additional sites for the SCR reaction [88]. Also
the use of a mixed-oxide support instead of a single-oxide support can lead to catalysts with
a higher resistance to SO2 and SO2 + H2O. This was reported for V- and Ce-containing
catalysts. Here also ternary oxides are more efficient than binary oxides [35, 37].
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2.3 Low-Temperature NH3-SCR
Nowadays, VWT-catalyst are mostly applied in SCR-deNOx of large combustion sites
like power plants. As mentioned before, they require a working temperature of about
580–680K for efficient deNOx . For this reason the SCR-unit of an exhaust gas treatment
chain needs to be placed at a high-dust position (Fig. 2.1), since the exhaust temperature
will drop below 470K after passing the electrostatic precipitator and desulfurizer [89]. An
additional re-heating of the exhaust gas would make the cost increase significantly. Such
an additional heating would also be nessessarry for the treatment of colder exhaust gas as
it arises from steel, cement, glass or other industries. However, on high-dust position the
catalyst is exposed to high concentrations of ashes and SO2, which causes deactivation and
decrease in life-time of the catalyst [42, 72]. Additionally, V2O5 is easy to sublimate and
generates biological toxicity when it enters the environment [24]. It is also active for the
oxidation of SO2 to SO3 which can damage the downstream equipment due to its acidic
properties [42].
To overcome these problems there is great effort to develop catalysts which can perform
efficient SCR-deNOx in LT-range below 470K. They would enable the placement of an
SCR-unit at a tail-end position which brings the exposure of the catalyst to relatively
clean exhaust gas, more space to accommodate changes in the burning process, a decrease
in catalyst volume, an increase in catalyst lifetime and hence lower costs [90]. Catalysts
for LT-SCR would also be beneficial for mobile applications concerning the low deNOx
efficiency of current catalysts during the cold start and low engine load phases [91].
2.3.1 Requirements and Challenges of LT-SCR
The adsorption of NH3 and further H-abstraction are regarded to play a key-role in the
SCR reaction. Hence, an efficient SCR catalyst needs to provide acid sites as well as a
certain oxidation ability. Since the adsorption of gases is favored at low temperatures,
the density of acid sites on the catalyst surface is more important than their strength
for LT-SCR catalysts. Aside from acid properties, the oxidation ability of a catalyst is
regarded to play a crucial role in enhancement of LT-SCR activity, scince H-abstraction is
favored at high temperatures [81, 92]. Lietti et al. [93] indicated that over a VWT-catalyst
the redox properties govern the catalytic activity in LT-region, while the catalytic activity
at higher temperatures is determined by surface acid properties. A higher oxidation ability
increases also the amount of NO2 formed over the catalyst. NO2 can facilitate the SCR
process by enabling the fast-SCR reaction, which is especially at low temperatures more
efficient than the standard-SCR [4]. On the other hand, if the catalyst has a too strong
oxidation ability, it will cause a loss in selectivity by an increasement in the N2O-formation
rate [52]. Another aspect for the importance of the redox properties of LT-SCR catalysts
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is the re-oxidation of the active metal center. It is established that at low temperatures,
its re-oxidation by O2 or NO2 is the rate-determining step of the overall reaction [4].
Not only the activity in LT-range of a catalyst for SCR reaction is important for its
possible application. The most important poisons for SCR catalysts are H2O and SO2. As
mentioned in Sec. 2.2.1 and 2.2.2 the individual impact on the catalyst deactivation of H2O
and SO2, respectively, is more pronounced at lower temperatures. Hence, the deactivation
of LT-SCR catalysts under realistic conditions of combustion sites is a challenging problem
[42, 81]. Fortunately, the oxidation of SO2 is quite slow in LT-range with less than 1%
SO2-conversion over a VWT-catalyst [94]. However, over long opperation time ammonium
sulfates (NH4HSO4 and [NH4]2SO4) will be formed below 473K and deposit onto the
catalyst surface, which leads to a slow deactivation by covering the active sites. To suppress
the formation of ammonium sulfates, it is required to suppress the catalysts oxidation
ability towards SO2 [95, 96]. Another way is to facilitate the decomposition of ammonia
salts over the catalyst. Jin et al. [97] found that by promotion of MnOx/TiO2 with CeO2
also the decomposition temperature of NH4HSO4 on the catalyst surface can be reduced
from 634 to 559K. Phil et al. [98] performed quantum chemical calculations of NH4HSO4
adsorbed on V2O5 with different promoting elements to enhance the decomposition of
NH4HSO4 over V2O5/TiO2. They found simulated and practically that promotion with
antimony leads to a higher SO2-tolerance.
2.3.2 LT-SCR Catalysts
Over the last years various LT-SCR catalysts including noble metals (e.g. Pt, Pd, Rh) [99,
100] and TMOs (e.g. Mn, Fe, Ni, Co, Cu, Ce) [45, 54, 101–104] have been investigated.
The application of noble metals is limited to mobile deNOx due to their high costs, narrow
working temperature window, inhibition by O2 and a high SO2-sensitivity. Because here
the utilized fuel, working temperature and O2-concentration can be effectively regulated.
TMOs are widely investigated as catalysts for stationary LT-SCR. Particularly Mn-oxides
exhibit superior activity at low temperatures due to their variable valence states and
excellent redox activity [105]. Hence, they have become the major research objects and
have been recognized as a potential alternative for industrial applications [3, 82]. The
catalytic properties of MnOx are significantly affected by the crystal structure, crystallinity,
specific surface area, oxidation state, active oxygen, active sites and surface acidity. These
properties can be affected by the support material and preparation procedure. One
weakness of MnOx is its sensitivity to H2O and/or SO2 as well as a high N2O-selectivity
[106–110].
Kapteijn et al. [54] investigated the SCR reaction over different Mn-Oxides. MnO2
exhibited the highest activity per surface unit followed by Mn2O3, Mn3O4 and MnO
which correlates with the temperature of beginning reduction during H2-TPR. The highest
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N2-selectivity was found for Mn2O3 and is decreasing with increasing temperature for
all Mn-Oxides. Tang et al. [111] found that N2- and N2O-formation proceed mainly via
ER-mechanism over β-MnO2 and α-Mn2O3. They proposed, that the higher N2O-formation
rate over β-MnO2 is due to a higher oxidation ability towards NH3. Thus, more NH and
N are formed on the catalyst surface (Eq. 2.23 and 2.24) which react with NO to N2O.
The higher oxidation ability of β-MnO2 was correlated to a lower Mn–O binding energy
which caused a pronounced reduction during H2-TPR at low temperatures. The higher
activity for LT-SCR of Mn4+ in comparison to lower oxidation states was also found on
MnOx/TiO2 [112].
Various support materials for MnOx are reported. The SCR activity of the resultant
catalyst in LT-region decreases in the following order: TiO2 (anatase) > TiO2 (rutile)
> TiO2 (anatase/rutile) ≥ γ-Al2O3 > SiO2 [113, 114]. In this connection, a deposition
precipitation method results in catalysts with a higher LT-activity due to a lower amount
of crystalline MnOx than an impregnation method [114]. The amount of MnOx supported
on TiO2 determines the catalytic activity. The maximum of NO-conversion in LT-region
depends on the kind and specific surface area of the support as well as the Mn-loading.
For example an optimum catalytic activity was revealed at a loading about 15wt.-% Mn
supported on commercial Hombikat R© (co. Venator) material. A further increase of Mn-
loading does not lead to a higher NO-conversion but leads to a decrease in N2-selectivity
[90, 115].
As mentioned before, the redox properties of an SCR catalyst mostly determine the
activity in LT-region. To further enhance them it can be advantageous to promote MnOx
with one or more other TMO such as Ce, Fe, Cu, Cr, Co, Ni, Zn or W [13, 76, 116–118].
Those catalysts exhibit higher LT-activities, N2-selectivites and/or poison resistence due
to electronic interactions which can be generally described as follows [82]:
Mn3+ + Mz Mn4+ + M(z−1) (2.30)
The synergistic effect of mixed-oxide active components is widely investigated for Mn-
Ce due to a superior catalytic activity. An Mn-Ce-Ti-oxide catalyst reveals a higher
NO-conversion and N2-selectivity in LT-region than Mn-Ti- or Ce-Ti-oxide. Liu et al.
[103] proposed that this synergistic effect is due to a dual redox cycle between Mn and
Ce as well as between Mn and Ti. The activation of NO and NH3 can proceed on the
Mn-sites, while their re-oxidation is conducted by Ce- and Ti-sites. This is illustrated in
Fig. 2.5. Another reason for the enhanced catalytic activity was found in the increased
reaction rate of NO-oxidation to NO2 [119]. The formation of solid solutions of Mn- and
Ce-oxide reveals the strong interactions between them in mixed-oxide catalysts [120]. As
mentioned before, the promotion of Mn-Oxide with Ce leads also to a higher SO2-resistance
of SCR catalysts. A further promotion of Mn-Ce-oxide with Sn was performed by Chang
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Fig. 2.5: Dual redox cycle for activation of NO and NH3 over MnCeTiOx proposed by Liu et al.
[103].
et al. [121] to achieve an additionally enhanced SO2-tolerance. They noticed a higher
NO-conversion in LT-range over Sn0.1Mn0.4Ce0.5Ox than over the corresponding binary
oxides. The Sn-promoted catalyst exhibited a drop on NO-conversion of 8% at 493K
in presence of 9 vol.-% H2O and 100 ppm SO2, while a drop of 42% was observed for
Mn-Ce-oxide. The enhancement in catalytic activity was proposed to originate from an
increase of the concentration of O-vacancies and surface acidity. Also other examples
show a higher activity in LT-region of ternary mixed-oxide active components than the
corresponding binary mixtures, such as MnCoCeOx/TiO2 [102], MnCeWOx/TiO2 [13],
FeMnCeOx/TiO2 [117] or CeMnOx/Cu-SSZ-13 [122].
The participation of different reactive species formed by NO, NH3 and O2 on the
SCR reaction over MnOx/Al2O3 was investigated by Kijlstra et al. [43, 123] by means of
DRIFTS and TPD experiments. The structures of detected adsorbed N-species are shown
in Fig. 2.6. They found that Brønsted-adsorbed NH4+ on Al2O3 and Lewis-adsorbed NH3
as well as NH2 on MnOx , respectively, are present at the reaction temperature of 423K.
Their amount did not changed by the presence of O2. NO adsorbs in small amounts as
nitrosyl on MnOx after an inert treatment. While after an oxidative treatment and in
presence of gas phase O2 significant amounts (n[NO]/n[Mn] ≈ 1) of nitrates and nitrites
could be found. Following compounds where found in increasing order of thermodynamic
stability: linear nitrite, bridging nitrite, monodentate nitrite < bridging nitrate < chelating
nitrate. Gas phase O2 creates additional reactive surface oxygen species which oxidize NO
to nitrite or nitrate and participate in the H-abstraction of NH3. Kijlstra et al. proposed
that below 473K the reaction starts with the activation of coordinated NH3 to NH2, while
NH4+ hardly participates. Then NH2 can react with both gas phase NO (ER-mechanism)
or reactive nitrite intermediates (LH-mechanism). Bridged and monodentate nitrites are
able to react in LT-region. Bidentate nitrates are formed under SCR-conditions on the
catalyst but do not react below 500K and lead to a partial deactivation of the catalyst.
However, they serve as reactive intermediates for the SCR reaction at higher temperatures.
It has been reported that the formation of nitrates on a TMO-surface is a consecutive
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Fig. 2.6: Adsorbed N-species found on surface of MnOx/Al2O3 by Kijlstra et al. [43].
reaction, were first NO adsorbs to form a nitrite species, followed by an oxidation to nitrate
[124]. In contrast to an Al2O3-support, over an MnOx/TiO2 catalyst only Lewis and no
Brønsted-adsorbed ammonia could be found [49, 125]. Wang et al. [126] prepared SCR
catalysts by supporting different TMOs on bauxite and found an increase of NO-conversion
at 473K with the Lewis-acid site density. This shows the importance of Lewis-acid sites
for the LT-SCR activity.
A DRIFTS-study of SCR reaction over sol-gel prepared MnTiOx and FeMnTiOx catalysts
by Wu et al. [127] revealed, that at 423K over MnTiOx NO is able to react with pre-
adsorbed NH3 while NH3 cannot react with an NO-saturated surface. The later reaction
is possible over the Fe-containing catalyst. Hence, another reaction pathway was enabled
here by use of a mixed-oxide active phase. It was proposed that bidentate nitrate was
transformed to monodentate nitrate which reacts with NH4+ as described in the dual
LH-ER-mechanism (Eq. 2.18 and 2.20). Over a CoMnOx/TiO2 catalyst it was found
that Co-promotion increases the reactivity of linear and monodentate nitrites. This was
proposed to be a reason for the increase of LT-SCR activity by Co-promotion [128].
2.4 Silylation of Metal Oxide Surfaces
Silylation is the introduction of functional silyl groups R3Si. In case of metal oxides surface
OH-groups are substituted by these silyl groups which is illustrated in Fig. 2.7. Hence,
silylation changes the characteristics of the surface e.g. the interaction energy of adsorbate
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Fig. 2.7: General reaction of surface OH-groups with a silylation agent. R represents an organic
group and X a hydrolyzabel leaving group.
molecules. It is applied in catalysis and separation technology [129]. Surface silylation
can be conducted from gas, liquid or supercritical phase. Typically organosilanes of the
form RnSiX4–n are used as silylation agents, where R is a non-hydrolyzable organic group
(also H is possible) that processes the functionality and X is the leaving group that is
either a halogen, alkoxy, acyloxy or amino group [130]. The silane can react readily with
the surface OH-groups when X is a halogen or amino group. For alkoxy and acyloxy
prior to this a hydrolysis is required that converts them to silanol groups. Those silanol
groups can condensate with surface OH-groups or other silane molecules with release of
H2O. The latter case leads to self-polymerization of the silylation agent which reduces
the effectiveness of the technique and limits the control of the silylation. The competition
of the surface reaction and self-polymerization is determined by various factors including
type of solvent and silylation agent, temperature and the amount of pre-adsorbed water
on the substrate surface [130, 131]. The substrate has a crucial impact on the effectiveness
of silylation. It is affected by the concentration and type of surface OH-groups and the
stability of the formed bonds. Stable siloxane bonds can be formed with the oxides of Si,
Al, Zr, Sn, Ti and Ni, less stable with oxides of B, Fe and C. Alkali metal oxides do not
form stable Si–O–M bonds [131]. In general, isolated OH-groups are more reactive than
geminal and vicinal groups [130].
Three types of silylation procedures can be distinguished [129]: (1) When pure chlorosi-
lanes are used as silylation agent a high reaction temperature is required to complete the
silylation. (2) When a nucleophile is added the reaction temperature can be decreased
towards room temperature. Usually, ammonia or amines are used as nucleophile. They can
activate the surface OH-groups and/or the silylation agent. (3) If aminosilanes are used,
the silylation agent possesses themselves a nucleophilic function to promote the reaction.
Silylation with organosilanes is often used to achieve a surface hydrophobization by
exchanging hydrophilic polar OH-groups with hydrophobic non-polar organosilyl (OS)
groups. The contact angle of a water droplet on a plain surface can be used to deter-
mine its hydrophobic properties. Roa et al. [132] modified silica films on glass with
dimethyldichlorosilane and noticed a water contact angle of 136◦ on the surface treated
with 12 vol.-% dimethyldichlorosilane, while the surface treated without silylation agent
revealed a contact angle of 78◦. Goswami et al. [133] prepared superhydrophobic films
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of SiO2 nanoparticles treated with hexamethyldisilazane (HDMS) on glass with a water
contact angle of 166◦. However, the measurement of the water contact angle cannot be
applied for the analysis of porous materials. Jung et al. [134] determined the dielectric
constant of a SiO2 aerogel surface treated with trimethylchlorosilane. They noticed a
dielectric constant of 1.9 for the modified aerogel, while the unmodified gave 2.2. After
exposure of the unmodified sample to an atmosphere with 50 vol.-% H2O it increased to
2.4 indicating the formation of further polar OH-groups on the surface. In contrary, for
the silylated sample no increase of the dielectric constant was noticed. The introduced
trimethylsilyl groups were stable at temperatures up to 523K.
There are several reports where the silylation of solid catalysts leads to an improvement
in activity and/or selectivity. Silylation of Co-containing catalysts for Fischer-Tropsch
synthesis resulted in a higher CO-conversion rate by a constrained adsorption of water,
which caused a higher number of available active sites. Furthermore, the yield of longer
chain products is increased [135, 136]. Silylation of titanosilicate catalysts for liquid phase
epoxidation can lead to a higher activity and selectivity by preventing the deep-oxidation,
what was attributed to the removal of surface OH-groups [137–140]. In the photo-catalytic
oxidation of cyclohexane to cyclohexanone over an anatase TiO2 catalyst a higher product
formation rate was observed by silylation, which was caused by an enhanced desorption of
cyclohexanon [141]. Best to my knowledge, so far there is no report on the application of
silylated catalysts for SCR.
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A list of used chemicals is summarized in Tab. 3.1. They were applied without a prior
purification or pre-treatment.
3.1 Catalyst Preparation
3.1.1 Support Modification with Different Metal Oxides
The modifications of support were performed by hydrolysis of metal alkoxides dissolved
in the corresponding alcohol. For SiO2-TiO2 3 g of commercial TiO2 (Hombikat R© UV
100) were suspended in 50ml of dry ethanol. 250µl (1.13mmol) of tetraethyl orthosilicate
(TEOS) was added slowly under vigorous stirring. The amount of TEOS was chosen to
result in a molar ratio of n(Si)/n(Ti) = 0.03. The mixture was stirred for 2 h at room
Tab. 3.1: Utilised chemicals
Chemicals Producer Purity
1,1,1-trimethyl-N-(trimethylsilyl)silanamine TCI UK 96%
aluminum isopropoxide Aldrich 98%
ammonia Air Liquide 99.98%
argon Air Liquide 99.998%
cerium(III) nitrate hexahydrate Aldrich 99%
copper(II) sulfate pentahydrate n.a. n.a.
ethanol (dry) Carl Roth 99%
helium Air Liquide 99.999%
manganese(II) acetate tetrahydrate Carl Roth 99%
manganese(II) nitrate hexahydrate Carl Roth 98%
potassium bromide (Uvasol R©) Merck n.a.
propan-2-ol VWR 99.8%
silicon dioxide (HDK R© N20) Wacker 99.8%
sodium chloride n.a. n.a.
tetraethyl orthosilicate Aldrich 98%
titanium dioxide (Hombikat R© 8602) Venator 99%
titanium dioxide (Hombikat R© UV 100) Venator 99%
toluene (dry) Carl Roth 99.5%
trichlorophenylsilane TCI UK 98%
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temperature in an open beaker. Within this time TEOS was able to adsorb on the TiO2
surface and react with titanol groups Ti–OH. Then 1ml (55.5mmol) of deionized H2O
were added dropwise to complete the hydrolysis and the mixture was heated to 353K.
The suspension was stirred over night until all liquids were evaporated. Al2O3-TiO2 was
prepared by the same procedure using aluminium isopropoxide and propan-2-ol as solvent.
3.1.2 Deposition of Active Component
All catalysts were prepared by a wet impregnation technique in excess solution.
MnOx/Mixed-Oxide Support For the catalysts discussed in Sec. 4.1 three different
support materials were used: Pure commercial Hombikat R© UV 100 (TiO2), SiO2-modified
Hombikat R© UV 100 (SiO2-TiO2) as described in Sec. 3.1.1 and commercial HDK R© N20
(SiO2 fumed). 3 g of support, manganese(II) acetate tetrahydrate and about 30ml of
deionized H2O were mixed in a round bottom flask. The amount of manganese(II) acetate
was chosen to result in a molar ratio of n(Mn)/(n[Si]+n[Ti]) = 0.3. The flask was connected
to a rotary evaporator and the water was removed at 333K and 3 kPa. Subsequently,
the material was pressed at 125MPa, crushed and sieved to get a particle fraction of
100 to 315µm. Finally, the samples were calcined at 773K for 5 h. These samples were
denoted by their metal composition as Mn/Ti, Mn/Si-Ti and Mn/Si, respectively. For
comparison, the same procedure was done without addition of manganese(II) acetate to
the impregnation solution.
MnyCe1–yOx/TiO2 For the catalysts discussed in Sec. 4.2 different amounts of Mn- and
Ce-oxide were supported on Hombikat R© 8602 (TiO2). 3 g of support, manganese(II) nitrate
hexahydrat, cerium(III) nitrate hexahydrat and about 30ml of deionized H2O were mixed
in a round bottom flask. The total loading of active component was kept to a molar ratio
of (n[Mn] + n[Ce])/n(Ti) = 0.2. Five samples with a molar fraction of x = 0, 0.25, 0.5,
0.75 and 1 for Mn or Ce, respectively, were prepared. The flask was connected to a rotary
evaporator and and the water was removed at 333K and 3 kPa. Subsequently, the material
was pressed at 125MPa, crushed and sieved to get a particle fraction of 100 to 300µm.
Finally, the samples were calcined at 623K for 5 h. The samples were denoted by their
composition of the active phase, e.g. Mn0.75Ce0.25.
MnOx/y SiO2 ·TiO2 and CuOx/y SiO2 ·Al2O3 The catalysts discussed in Sec. 4.3,
which were used for a post-preparative modification with organosilyl (OS) groups, were pre-
pared by the company CRI Catalyst Leuna GmbH in an amount of 2 kg. The y SiO2 ·TiO2
support was custom-made by the company Venator and the y SiO2 ·Al2O3 support by
CRI Catalyst Leuna GmbH. For this reason, the exact preparation procedure is unknown
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but the impregnation procedure was similar to that described above. Nitrates of Mn and
Cu were used as precursor and the temperature for calcination was 623K. These two
catalysts were denoted as Mn/SiTi and Cu/SiAl, respectively. Following composition was
determined by XRF-analysis: 19.4wt.-% MnO2, 3.4wt.-% SiO2 and 77.2wt.-% TiO2 for
Mn/SiTi and 26.4wt.-% CuO, 19.4wt.-% SiO2 and 58.5wt.-% Al2O3 for Cu/SiAl.
3.1.3 Catalyst Modification with Organosilyl Groups
The Mn/SiTi and Cu/SiAl catalysts prepared by CRI Catalyst Leuna GmbH were surface
modified with two kinds of OS-groups. Introduction of trimethylsilyl (TMS) groups
was conducted by a treatment with 1,1,1-trimethyl-N-(trimethylsilyl)silanamine (also
known as hexamethyldisilazane or HMDS) and phenylsilyl (PS) groups were introduced by
treatment with trichlorophenylsilane. The catalyst material was dried at 393K for 3 h in
air. Then 3.5 g of it were suspended in 10ml dry toluene in a round bottom flask before
the silylation agent was added. The amount of silylation agent for the different samples
and the corresponding calculated surface density of OS-groups is shown in Tab. 3.2. These
amounts were estimated to serve as a starting point. Subsequently, the mixture was heated
to 393K under reflux for 3 h. After cooling down to room temperature the mixture was
filtered, the catalyst was washed with toluene and finally dried at 363K in air.
3.2 Catalyst Characterization
3.2.1 Texture Analysis
N2-Sorption Textural properties of the catalyst samples were investigated by N2-sorption
on a ASAP 2000 (co. Micromeritics Instrument Corporation) device at 77K. Prior to
a measurement the sample was degassed at 473K and 1Pa. OS-modified samples were
degased at 453K. The specific surface area of the samples was calculated by the instrument
Tab. 3.2: Applied amount of silylation agent for preparation of 3.5 g OS-modified catalyst and
calculated density of OS-groups relative to specific surface area.
Sample Amount of silylation Density of OS-groups
agent / ml / µmolm−2
1TMS@Mn/SiTi 3.00 29.7
1TMS@Cu/SiAl 3.00 14.5
0.5TMS@Cu/SiAl 1.50 7.3
0.25TMS@Cu/SiAl 0.75 3.9
1PS@Cu/SiAl 2.00 14.5
0.5PS@Cu/SiAl 1.00 7.2
0.25PS@Cu/SiAl 0.50 3.6
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software from the N2 adsorption isotherms according to the theory described by Brunauer,
Emmett and Teller (BET) [142]. The distribution of the pore width of a sample was
calculated according to the method described by Barret, Joyner and Halenda (BJH) [143].
The accuracy of the specific surface area is about ±1m2 g−1.
3.2.2 Phase Analysis
X-Ray Powder Diffraction The identity of crystalline phases in the catalyst samples was
investigated with X-ray powder diffraction (XRPD) on an XRD-7 (co. Seifert) diffractome-
ter. The device was equipped with a Cu-anode and monochromatic Cu-Kα (λ = 0.1541 nm)
radiation was used. XRPD measurements were executed by the Institut für Mineralo-
gie, Kristallographie und Materialwissenschaft of the Universität Leipzig. The received
diffraction patterns were normalized to the same intensity of the main reflex. There were
measurement artifacts found in each pattern at 2θ = 12.4◦, 17.6◦ and 32.2◦ that originate
from the diffractometer. The Crystallography Open Database (COD) [144] was used to
identify the crystalline phases.
3.2.3 Elementary Analysis
X-Ray Fluorescence The elementary composition of the catalysts was analyzed with
X-ray fluorescence (XRF) spectroscopy on a S4 Explorer (co. Bruker AXS) spectrometer.
Therefore 1 g of the sample were pestled, mixed with 0.5 g of wax (C36H76N2O2) and
pressed at 125MPa to a pellet which was inserted into the XRF spectrometer. The
spectrometer software was supplied with the amount of C and N from the used wax and
the sample composition in wt.-% of metal oxide was received. XRF measurements were
executed by the Institut für Physikalische Chemie of the Universität Leipzig.
3.2.4 Adsorption Properties
The ability of the catalysts for the adsorption of the SCR reactants NO, O2 and NH3 as
well as the catalyst poison H2O was investigated by various temperature-programmed
and isotherm methods. By using temperature-programmed desorption (TPD), the signal
intensity of the desorption profile (MS-signal or concentration) is directly proportional to
the desorption rate. A high desorption rate at high temperatures indicates the presence
of strong adsorption sites and vice versa. The number of adsorption sites is represented
by the uptake of adsorbate, which can be calculated from the area under the desorption
profile. The portion of oxidized to non-oxidized desorbed gas species is a figure of merit
for the oxidation ability of the catalysts.
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Temperature-Programmed Desorption of NH3 The NH3 adsorption capacity of the
catalysts, the relative strength of adsorption sites as well as their oxidation ability towards
NH3 were investigated by temperature-programmed desorption of NH3 (NH3-TPD). The
general procedure of a TPD-experiment is illustrated in Fig. 3.1. A flow diagram of the
used apparatus is shown in Fig. 3.2. For a measurement 50mg of catalyst were placed into
the reactor and pre-treated at 603K for 0.5 h in 40mlmin−1 He-flow. OS-modified samples
were pre-treated at 473K. After cooling down to 363K six pulses of pure NH3 were added
to the gas-flow with a six-way-valve to saturate the catalyst surface. Subsequently the
sample was purged with He for 1.5 h to remove all physisorbed NH3 before the TPD was
started with a heating rate of 9Kmin−1 till 833K were reached. The desorbed gases were
detected by a QME 200 (co. Pfeiffer Vacuum) mass spectrometer (MS). For detection
of NH3 the mass fragment with m/z = 15 (NH) was recorded. For the NH3-oxidation
products N2O and NO the mass fragments with m/z = 44 and 30, respectively, were used.
Additionally, NH3-TPD experiments with pre-adsorbed H2O were executed. Therefore,
the sample was stored in a desiccator which contained saturated NaCl-solution for at least
3 d instead of the drying-step. The wet sample was then placed into the reactor and the
NH3-saturation and TPD was conducted as described above.
The MS-signals were normalized to the used catalyst mass and specific surface area for
a plot of the TPD-profile (profiles were smoothed). For the quantification of the desorbed
gases a calibration experiment was conducted before the measurements. Therefore, the
dosing-loop of the six-way-valve was purged with either NH3, NO/He or N2O/He and
the gases were pulsed through an empty reactor. The amounts of the gases ncali were
calculated from the volume V of the dosing-loop, the current air pressure p, the room
temperature T , the universal gas constant R and the concentration of the used gases x
according to the ideal gas law:
ncali(i) = x(i)
p V
RT
. (3.1)
The amount of gases is represented by the area received by integration of the MS-signal of
a calibration puls Acali as well as of a desorption peak from a TPD experiment A. The
amount of desorbed gases n can be calculated as follows:
n(i) = A(i)
ncali(i)
Acali(i)
. (3.2)
The total NH3-uptake Utot(NH3) was calculated from the amounts of desorbed NH3, N2O
and NO, the sample mass m and the specific surface area SBET according to Eq. 3.3. This
was done with the assumption that desorbed N2O and NO were adsorbed as NH3 on the
catalyst surface before they were oxidized.
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Fig. 3.2: Flow diagram of the used apparatus for NH3-TPD and H2O-TPD experiments.
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Utot(NH3) =
n(NH3) + 2n(N2O) + n(NO)
mSBET
(3.3)
The selectivity S of desorbed gases was calculated from the amounts of desorbed NH3,
N2O and NO and the number of N-atoms in the corresponding molecule α:
S(i) =
αn(i)
n(NH3) + 2n(N2O) + n(NO)
. (3.4)
The accuracy of this method can be estimated to be about ±5%.
Temperature-Programmed Desorption of NOx The NOx adsorption capacity of the
catalysts, the relative strength of adsorption sites as well as their oxidation ability towards
NO in presence of O2 were investigated by temperature-programmed desorption of NOx
(NOx -TPD). The general procedure of a TPD-experiment is illustrated in Fig. 3.1. A
flow diagram of the used apparatus is shown in Fig. 3.3. For a measurement 200mg of
catalyst were placed into the reactor and pre-treated at 603K for 0.5 h in 150mlmin−1
He-flow. OS-modified samples were pre-treated at 473K. After cooling down to 363K
4.5 vol.-% O2 and 1200 ppm NO were added to the gas-flow for about 1 h till a constant
NOx -concentration was measured to saturate the catalyst surface. Subsequently NO was
switched off and the sample was purged with He and O2 for about 1 h to remove all
He
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Fig. 3.3: Flow diagram of the used apparatus for NOx -TPD experiments; CLD - chemiluminescence
detector.
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physisorbed NOx before the TPD was started with a heating rate of 7Kmin−1 till 833K
were reached. The concentration of desorbed NO and NO2 were measured by a CLD 70 S
(co. Eco Physics) chemiluminescence detector (CLD).
Additionally, NOx -TPD experiments with pre-adsorbed H2O were executed. Therefore,
the sample was stored in a desiccator which contained saturated NaCl-solution for at least
3 d instead of the drying-step. The wet sample was then placed into the reactor and the
NOx -saturation and TPD was conducted as described above.
The NOx -concentrations were normalized to the used catalyst mass and specific surface
area for a plot of the TPD-profile (profiles were smoothed). For quantification of desorbed
gases the concentration profiles of NO and NO2 during TPD versus the time were integrated.
The amount of gas nunit represented by a unit-square of x = 1ppm times t = 1min was
calculated from the volumetric flow rate V˙ , the normal pressure pn, the universal gas
constant R and the standard temperature Ts according to the ideal gas law:
nunit = x
pn V˙ t
R Ts
. (3.5)
The amount of desorbed gas n was calculated from the area under the TPD profile A and
nunit:
n(i) = A(i)nunit. (3.6)
The total NOx -uptake Utot(NOx) was calculated from the amounts of desorbed NO and
NO2, the sample mass m and the specific surface area SBET:
Utot(NOx) =
n(NO) + n(NO2)
mSBET
. (3.7)
The selectivity S of desorbed gases was calculated from the amounts of desorbed NO and
NO2:
S(i) =
n(i)
n(NO) + n(NO2)
. (3.8)
The accuracy of this method can be estimated to be about ±3%.
Temperature-Programmed Desorption of H2O The H2O adsorption capacity of the
catalysts as well as the relative strength of adsorption sites were investigated by temper-
ature-programmed desorption of H2O (H2O-TPD). The general procedure of a TPD-
experiment is illustrated in Fig. 3.1. A flow diagram of the used apparatus is shown in
Fig. 3.2. Two different techniques of H2O-saturation were applied: (1) A simple saturation
was conducted by storing 50mg of the sample in a desiccator which contained saturated
3 Experimental Section 31
NaCl-solution for at least 3 d. Then, the sample was place into the reactor. (2) A more
elaborate saturation that is closer to the SCR conditions is a hydrothermal treatment.
This was conducted by first inserting 80mg of the sample into the reactor of the apparatus
used for catalytic experiments. There it was pre-treated at 603K in 105mlmin−1 He-flow
for 30min. After cooling down to 473K 4.5 vol.-% H2O were added to the gas-flow for
1 h. Subsequently, the hot sample was transferred into the reactor of the TPD apparatus.
For both techniques, the sample was then tempered to 363K and purged for 1.5 h with
40mlmin−1 He-flow to remove all physisorbed H2O. Then, the TPD was started with
a heating rate of 9Kmin−1 till 833K were reached. The desorbed gases were detected
by a QME 200 (co. Pfeiffer Vacuum) mass spectrometer. For detection of H2O the mass
fragment with m/z = 18 was recorded.
The MS-signal was normalized to the used catalyst mass and specific surface area for a
plot of the TPD-profile (profiles were smoothed). For the quantification of the desorbed
gases a calibration experiment was conducted before the measurements. Therefore, 25mg
of CuSO4 · 5H2O were placed into the reactor and heated to 393K for 4 h. During this
treatment copper sulfate lost four of five equivalents of crystallization water. The last
equivalent was lost at the subsequent heating to 833K and the amount was calculated from
the mass of CuSO4 · 5H2O. The calibration of the H2O-amount was done in a similar way
as described above for the NH3-TPD with the help of Eq. 3.2. The H2O-uptake U(H2O)
was calculated from the amount of desorbed H2O n(H2O), the sample mass m and the
specific surface area SBET:
U(H2O) =
n(H2O)
mSBET
. (3.9)
The accuracy of this method can be estimated to be about ±5%.
H2O-Sorption Isothermal H2O adsorption was investigated on a BELSORP-max (co.
Bel Japan Inc.) device at 298K. Prior to a measurement the sample was degassed at
473K and 10−2 Pa for 12 h. The amount of adsorbed H2O per mass of activated sample
na in dependence of the pressure was received by the instrument software. The maximum
uptake per surface unit Umax was calculated from na at the highest pressure and the
specific surface area received by N2-sorption SBET:
Umax =
na,max
SBET
. (3.10)
The specific surface area was also calculated from H2O-sorption isotherms through the
BET-theory [142] using a cross-sectional area of a water molecule of 0.106 nm2 [145]. An
example of this calculation is shown in Sec. 7.1 in Appendix. During the calculation of the
specific surface area, amongst others, two meaningful values were received. One of them is
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the C-value which can be related to the affinity of the solid to the adsorbate [146]. The
other is the monolayer capacity of adsorbate nM which can be used with the corresponding
value received by N2-sorption to calculate a hydrophilicity-index χ [147]:
χ =
nM(H2O)
nM(N2)
. (3.11)
Gravimatric Adsorbate Measurement As a simple method to determine hydrophobic/
hydrophilic properties of the catalysts a gravimetric measurement of the non-competing
adsorption of water and toluene was conducted. First the catalysts were dried at 453K
for 12 h. About 2 g of the sample were placed in two different desiccators, respectively,
to saturate their surface with corresponding adsorptives at room temperature. One was
containing a solution of 25wt.-% CaCl in water and the other toluene. After 3 d of storing
the saturated samples were weighted again. The molar ratio of toluene-adsorbate to
water-adsorbate n(C7H8)n(H2O)−1 was calculated with the corresponding mass of dry
sample mdry, mass of saturated sample msat and molar Mass M :
n(C7H8)
n(H2O)
=
msat(C7H8)mdry(H2O)M(H2O)
mdry(C7H8)msat(H2O)M(C7H8)
. (3.12)
This Method was developed for the master thesis of M. Liebau [148] under the supervision
of W. Suprun. The principle of a comparison of the amount of adsorbed toluene to H2O is
based on a report by Stelzer et al. [149] and the principle of the non-competing adsorption
was adapted from Yonli et al. [150].
3.2.5 Surface Spectroscopy
Diffuse Reflectance Infrared Fourier Transform Spectroscopy The identity and sta-
bility of surface groups of the catalysts were investigated with diffuse reflectance infrared
fourier transform spectroscopy (DRIFTS) on a Vector 22 (co. Bruker) equipped with a
DRIFTS-cell. It allowed the control of the temperature and atmosphere over a catalyst
sample during the measurement. Prior to a measurement fine pestled KBr was inserted
into the DRIFTS cell, dried at 473K for 1 h in He-flow, cooled down to 363K and a
background spectrum was recorded. Then the sample was inserted into the cell and a
spectrum of the wet sample was recorded before it was dried at either 473 or 603K for 1 h.
After cooling down to 473K the sample was submerged with the desired atmosphere and
heated to the desired temperature. The sample remained at each temperature step for
30min till a Kubelka-Munk-type spectrum was recorded.
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3.2.6 Redox Properties
Temperature-Programmed Reduction with H2 The redox behavior of the catalysts
was investigated by temperature-programmed reduction with H2 (H2-TPR) on an AMI
100 (co. Altamira Instruments Inc.) device equipped with a thermal conductivity detector
(TCD) and an H2O-trap. 50mg of sample were placed in the reactor and a pre-treatment
at 603K for 1 h was conducted either with an oxidizing gas-flow (air, pre-ox), an inert
gas-flow (Ar, pre-inert) or a reducing gas-flow (5 vol.-% H2 in Ar, pre-red) with 30mlmin−1.
OS-modified samples were pre-treated at 473K in Ar-flow. After cooling down to 323K
the sample was purged with 30mlmin−1 5 vol.-% H2 in Ar for 15min before the TPR was
started with a heating-rate of 5 or 10Kmin−1 till 973K were reached. After the TPR the
sample was purged with Ar and 10 pulses of 1ml of 5 vol.-% H2 in Ar were added to the
gas flow for a calibration of the H2 amount.
The area under the TCD-signal of the TPR-peak was compared to the areas under the
calibration-peaks similar as described for NH3-TPD with Eq. 3.1 and 3.2 to get the total
amount of consumed H2 ntot(H2). The specific H2-consumption nspec(H2) was calculated
from ntot(H2) and the catalyst mass m:
nspec(H2) =
ntot(H2)
m
. (3.13)
The average oxidation state of Mnz+ was calculated from the H2-consumption for some
catalysts. The procedure is described in Sec. 7.3 in Appendix.
The accuracy of this method can be estimated to be about ±3%.
3.3 Catalytic Experiments
The catalysts were assessed for their SCR activity in a house-built test apparatus, a
flow diagram is shown in Fig. 3.4. 200mg of catalyst were placed into the reactor and
first treated at 603K for 30min in 100mlmin−1 He-flow. OS-modified samples were
treated at 473K. Then the sample was cooled down to the temperature of the first
measuring point. Two different kinds of measurements were executed: (1) For an activity
measurement the gas-flow was kept constant in rate and composition with the temperature
being varied by stepwise elevation from 348 to 673K. Each temperature-step was kept for
70min till steady-state conditions were reached and the concentration of NO was constant.
An example of the concentration profiles of such an experiment is shown in Fig. 7.2 in
Appendix. (2) For a poisoning experiment the temperature was kept constant and a dosing
of H2O and/or SO2 was applied over a certain time span. During an SCR experiment the
gas-flow consisted usually of 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, 4.5 vol.-% H2O (if
used), 50 ppm SO2 (if used) and He-balance. The total flow-rate was 120mlmin−1 which
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Fig. 3.4: Flow diagram of the used apparatus for SCR experiments; NDIR nondispersive infrared
detector.
resulted in a GHSV of about 30 000 h−1. After passing the reactor the gas-flow was led
through a 85wt.-% H3PO4-solution to remove all non-converted NH3. Subsequently, the
gas-flow passed an NO2-to-NO-converter (CGO K, co. Hartman & Braun) before it was
analyzed for the concentration of NO, N2O and CO2 by an Uras 10E (co. Hartman &
Braun) nondispersive infrared (NDIR) detector.
The NO-conversion X(NO) was calculated from the dosed concentration of NO xin(NO)
and the measured NO-concentration xout(NO):
X(NO) =
xin(NO)− xout(NO)
xin(NO)
. (3.14)
The yield of the by-product N2O was calculated from the measured N2O-concentration
xout(N2O) and the concentration of the N-containing gases xin which are dosed to the
gas-flow:
Y (N2O) =
2xout(N2O)
xin(NO) + xin(NH3)
. (3.15)
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For poisoning experiments the degree of deactivation D of a catalyst was calculated
from the NO-conversion in absence Xfree(NO) and presence Xpois(NO) of additional H2O
and/or SO2:
D =
Xfree(NO)−Xpois(NO)
Xfree(NO)
. (3.16)
A reproducibility experiment was performed for an estimation of the accuracy of the
apparatus. Therefor, two runs with the same type and amount of catalyst were measured
with the same program. The calculated NO-conversions and N2O-yields are shown in
Fig. 3.5. The two measurements show a maximum difference of 3%-points for the NO-
conversion and N2O-selectivity.
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Fig. 3.5: NO-conversion X (NO) and N2O-yield Y (N2O) of a reproducibility experiment
with an MnOx/SiO2-TiO2 catalyst; 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, He-balance,
GHSV = 30 000 h−1.
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4 Results and Discussion
In Sec. 2.1 and 2.2 in the literature overview various reactions are described which can
proceed over an SCR-catalyst in operation. For non-zeolithic catalysts the exact nature
of the active sites for these reactions is unknown in most cases. Any modification of a
catalyst can affect the electronic and/or structural properties of the active component.
Both have a crucial impact on the reactivity of the catalyst’s surface and are difficult
to detect. Hence, it is difficult and extensive to determine the reason for a change of a
catalyst’s activity caused by a modification of the catalyst.
In a preliminary investigation it turned out that copper oxide and especially man-
ganese oxide supported on TiO2 exhibit a superior NO-conversion in the SCR reaction
at low temperatures in comparison to other TMOs. The results of the catalytic activity
measurements in dry flow over different supported TMOs are summarized in Fig. 7.3 in
Appendix. For the tested TMOs, Mn-oxide reveals the highest NO-conversion below 473K
but also the highest N2O-yield. Hence, it was concluded that: (1) Mn-oxide containing
catalysts should be considered for further investigations to improve the catalytic activity.
(2) Further improvements of the catalytic activity should not only focus on an increase in
the NO-conversion. They should include a method to lower the N2O-formation rate over
the catalyst.
As described in Sec. 2.2.1, SCR catalysts were deactivated by H2O present in the gas-flow
which leads to a decrease of the NO-conversion. Three different approaches were found to
improve the H2O-resistance of Mn- and Cu-containing catalysts for SCR reaction: (1) The
use of a mixed-oxide support material. (2) The use of a mixed-oxide active component.
(3) A post-preparative surface modification of the catalyst. In the following each single
approach is presented and discussed.
4.1 Impact of Mixed-Oxide Support on Catalyst Activity
As mentioned in Sec. 2.1.1, the composition of the support material has a crucial impact
on the activity of an SCR catalyst. A higher NO-conversion, N2-selectivity and poison-
resistivity is reported for V- and Ce-oxide supported on mixed-oxide supports in comparison
to single-oxide supports [34–38]. In the following the impact of SiO2 in an MnOx/SiO2-
TiO2 catalyst is discussed. Therefore MnOx was supported on mixed-oxide SiO2-TiO2 as
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well as on single-oxide TiO2 and SiO2 as described in Sec. 3.1.2. The three oxidic catalysts
are denoted only by their metal composition as Mn/Ti, Mn/Si-Ti and Mn/Si.
The mixed-oxide SiO2-TiO2 support shall be as far as possible comparable to the single-
oxide TiO2 support (Hombikat R© UV 100). For this reason SiO2 was introduced to the
surface of Hombikat R© UV 100 via a mild method, the hydrolysis of TEOS as described
in Sec. 3.1.1. Hence, the only difference between the SiO2-TiO2 and TiO2 support is
the deposited SiO2 on the surface of TiO2. The single-oxide SiO2 support is used only
for comparison. There are textural differences between those two single-oxide materials.
A fumed SiO2-material with low surface area was chosen. The content of SiO2 in the
SiO2-TiO2 material was determined by XRF and is 2.2wt.-%. An optimization of the
SiO2-content in order to get a high as possible impact was not part of this work.
4.1.1 Impact in Dry Gas-Flow: Reduced N2O-Emission
4.1.1.1 Catalytic Activity
The NO-conversion and N2O-yield of SCR reaction in dependence of the temperature of
the three catalysts with different support materials in dry gas-flow are summarized in
Fig. 8.1a. The two single-oxide catalysts reveal a different NO-conversion in the LT-region.
Mn/Ti reaches a nearly full NO-conversion at 423K while Mn/Si requires 473K. The
support material strongly influences the LT-activity of the catalysts. On the other hand,
above 473K a similar NO-conversion is revealed by the three catalysts. Its decrease
with increasing temperature can be explained by a pronounced occurrence of parasitic
NH3-oxidation as described in Eq. 2.5–2.7. The parasitic NH3-oxidation compeeds with
the SCR reaction (Eq. 8.1). NH3-oxidation experiments, under the same conditions as
the SCR experiments but without NO, reveal an increasing NO-formation above 550K
(Fig. 7.4 in Appendix). This NO-formation from the reducing agent NH3 causes a decrease
of the overall NO-conversion at high temperatures.
The support material also influences the N2O-formation. Over the whole investigated
temperature range a higher N2O-yield is revealed for the TiO2-supported catalyst than
for the SiO2-supported, at 473K Mn/Ti gives 70% while Mn/Si gives only 16%. The
mixed-oxide supported catalyst provides the advantages of both single-oxide supports.
The NO-conversion of Mn/Si-Ti is high as of Mn/Ti and the N2O-yield is comparable low
as Mn/Si.
As mentioned in Sec. 2.1.3, N2O-formation can proceed via an ER- or LH-mechanism.
The predominating pathway of N2O-formation during SCR over Mn/Ti and Mn/Si-Ti at
393K was investigated by a variation of the inlet concentration of NO or NH3, respectively.
Similar investigations were already described in literature [44, 52]. An example of a
concentration profile of such an experiment is shown in Fig. 7.5 in Appendix. In Fig. 4.2
the impact of a change by 100 ppm on the measured N2O-concentration and NO-conversion
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Fig. 4.1: NO-conversion and N2O-yield in SCR reaction in dependence of the temperatures over
Mn/Ti, Mn/Si-Ti and Mn/Si (a) without H2O-dosing and (b) with 4.5 vol.-% H2O; 500 ppm NO,
575 ppm NH3, 4 vol.-% O2, He-balance, GHSV = 30 000 h−1.
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Fig. 4.2: Impact of a change in the inlet concentration of NO or NH3 on the measured N2O-
concentration xout(N2O) and NO-conversion X (NO) of SCR reaction over Mn/Ti and Mn/Si-Ti at
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in dry gas-flow is shown. Each measuring point was recorded after 45min of constant
conditions. A theoretical postulation how the measured N2O-concentration and NO-
conversion should change according to either an ER- or LH-mechanism is described in
Sec. 7.2 and Tab. 7.1 in Appendix. In Fig. 4.2 different values of the N2O-concentration
and NO-conversion in the white marked regions can be seen. They represent the catalytic
activity under standard (in this work) conditions of SCR reaction. Both values are
decreasing with progression of the experiment, what indicates a deactivation of the catalyst
over the time. This is probably caused by an accumulation of NH4NO3 on the catalyst
surface. For this reason the adjacent white marked data points in Fig. 4.2 should be
used as reference values for the grey and green marked. The NO-conversion is increasing
over both catalysts by a decrease of NO-concentration and increase of NH3-concentration
(and vice versa), as it can be excepted by an SCR reaction via an ER- as well as LH-
mechanism. Over Mn/Ti an increase of the inlet concentration of NO or a decrease of
NH3-concentration causes a decrease of the N2O-concentration (and vice versa). This fits
to an ER-mechanism where N2O is formed from surface-NH which reacts with gaseous NO
(Eq. 2.25). An increase of NO-concentration would favor its reaction with primary formed
surface-NH2 to N2 (Eq. 2.16), which cannot be further oxidized to NH. On the other hand,
an increase of NH3-concentration would lead to higher amounts of surface-NH2, which can
be further oxidized to NH. Thus, at 393K the ER-mechanism is a predominating pathway
of N2O-formation over Mn/Ti. Over Mn/Si-Ti a change of the inlet NO-concentration
barely influences the measured N2O-concentration. This fits to an LH-mechanism were an
increase of both SCR-reactants would be required for an increase of the N2O-formation
rate. A slight decrease of the N2O-concentration can be seen by a decrease of inlet
NH3-concentration (and vice versa). However, this is not that strong pronounced as over
Mn/Ti. Thus, the N2O-formation via ER-mechanism does still take place but probably
the LH-mechanism is predominating. All in all, these two experiments indicate a change in
the predominating pathway of N2O-formation. The presence of SiO2 in Mn/Si-Ti causes a
higher portion of the LH-type pathway.
The Mn-free support material does not show any significant activity for SCR reaction,
which can be seen in Fig. 7.6 in Appendix. This indicates, that the NO-reduction and
N2O-formation is caused by the Mn-oxide.
In literature only one report of the influence of SiO2 in MnOx/SiO2-TiO2 catalyst by
Boningari et al. [151] could be found. However, they noticed a drop in NO-conversion
and did not measure the N2O-concentration in their SCR experiments. Thus, their results
can probably not be applied in the discussion of the catalysts presented here. A lower
N2O-selectivity due to the introduction of SiO2 was also observed over V2O5/SiO2-TiO2
[34, 35].
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4.1.1.2 Catalyst Characterization
The specific surface area and pore volume determined by N2-sorption of the three catalysts
and the corresponding support materials treated in the same manner but without a
manganese precursor are shown in Tab. 4.1. The Ti-sample can be considered as Hombikat R©
UV 100 calcined at 773K. The untreated material exhibits a specific surface area of
260m2 g−1. Hence, a strong sintering effect of the porous TiO2 material during the
calcination can be seen. In comparison to the untreated Hombikat R© UV 100, the Si-
Ti-sample reveals a smaller loss on surface area than the Ti-sample. Thus the SiO2-
modification prevents the material from sintering. This effect was already described
before [152]. All three support materials show a reduction of the specific surface area by
the deposition of MnOx . This can be explained either by pore-blocking by MnOx or by
an enhanced sintering effect due to the presence of MnOx . The loss of pore volume in
comparison to the Mn-free samples points to a pore-blocking effect. Due to the sintering
of the catalysts during calcination, it can be assumed that mixed oxides of Mn, Ti and/or
Si are present in the catalysts.
In the XRPD patterns of Mn/Ti and Mn/Si-Ti (Fig. 7.7) can only reflexes of anatase
TiO2 be found. This shows, that MnOx exists in an amorphous phase. DRIFT-spectra of
the samples (Fig. 7.8) reveal the presence of titanol-groups Ti–OH and/or silanol-groups
Si–OH on the surface of the support materials. However, on the surface of Mn/Ti and
Mn/Si-Ti practically no bands of Ti–OH can be found. This indicates a high dispersion
of MnOx on the TiO2-surface and strong interactions between them. On contrary, Si –OH
bands can still be found in the spectrum of Mn/Si-Ti, which indicates less interactions of
MnOx with SiO2 than with TiO2.
The reducibility of the three catalysts was investigated by H2-reduction. The received
profiles of H2-consumption with fitted Gauss-curves, which may represent distinctive
reduction reactions, are shown in Fig. 4.3a. For Mn/Si-Ti three reduction peaks can be
seen. The first at 658K can be assigned to the reduction of MnO2 to Mn2O3, the second
at 801K to Mn2O3 to Mn3O4 and the third at 869K to Mn3O4 to MnO [54]. The same
Tab. 4.1: Specific surface area ABET and pore volume V P determined by N2-sorption of Mn/Si-Ti
and comparison samples as well as the calculated surface-density of Mn nsur(Mn).
ABET / m2 g−1 V P / cm3 g−1 nsur(Mn) / µmolm−2
Ti 91 0.33 0
Si-Ti 157 0.34 0
Si 200 0.79 0
Mn/Ti 61 0.31 47
Mn/Si-Ti 97 0.24 28
Mn/Si 117 0.62 30.7
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Fig. 4.3: Results of H2-TPR of Mn/Ti, Mn/Si-Ti and Mn/Si with a heating rate of 10Kmin−1. (a)
H2-consumption profiles after an oxidative pre-treatment with fitted Gauss-curves and (b.I) therefrom
calculated specific H2-consumption. (b.II) Specific H2-consumption of Mn/Ti and Mn/Si-Ti after a
pre-treatment in reductive (pre-red), inert (pre-inert) and oxidative (pre-ox) gas-flow.
reduction reactions can be seen for Mn/Ti and Mn/Si. Comparing the three catalysts,
Mn/Si-Ti reveals the highest temperature of the first reduction peak. A comparison
of Mn/Ti and Mn/Si-Ti shows that all three reduction events are shifted to higher
temperatures for Mn/Si-Ti, which can be interpreted as stabilization of MnOx in higher
oxidation states by the introduction of SiO2. This can further be proved by a comparison
of the specific H2-consumption as shown in Fig. 4.3b. In part (I) can be seen that after an
oxidative pre-treatment Mn/Si-Ti consumes about 63% more H2 during TPR than the two
single-oxide supported catalysts. This is a synergistic effect of Si- and Ti-oxide. In part
(II) a comparison of the H2-consumption of Mn/Ti and Mn/Si-Ti after pre-treatment in a
reductive (pre-red), inert (pre-inert) or oxidative (pre-ox) gas-flow are shown. Both samples
reveal a similar H2-consumption after a reductive and inert pre-treatment. However, H2-
consumption is significantly increased for Mn/Si-Ti in comparison to Mn/Ti after an
oxidative pre-treatment. That shows, that SiO2 causes an enhanced oxidation of MnOx
in Mn/Si-Ti at 603K in air and further proves the concept of stabilizing MnOx in high
oxidation states.
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The average oxidation state of Mnz+ was calculated from the specific H2-consumption
during TPR. The procedure is described in Sec. 7.3 in Appendix. It was done with the
assumption that only the reduction of MnOx to MnO leads to H2-consumption. Following
values were received for the three catalyst: 3.1 for Mn/Ti, 3.8 for Mn/Si-Ti and 2.9 for
Mn/Si. This shows, that after a pre-treatment in air manganese is predominately present
as MnIV+ on the mixed-oxide supported catalyst, while it is MnIII+ on the single-oxide
supported.
Since there are differences in the specific surface area of the three catalysts, there are
also differences in the density of Mn on the surface of the catalyst. It was calculated
from the specific surface area, the average oxidation state of Mnz+ as well as the molar
ratios of Mn, Ti and Si as described in Sec. 7.4 in Appendix. The results can be seen
in Tab. 4.1. The lowest density is revealed for Mn/Si-Ti and the highest for Mn/Ti.
The Mn-density of hypothetical monolayers of MnO2 and Mn2O3 were calculated via an
array of unit cells of pyrolusite MnO2 [153] and bixbytite Mn2O3 [154], respectively. A
Mn-density of 17µmolm−2 was received for a monolayer of MnO2 and 15 µmolm−2 for
Mn2O3. These values serve only for an orientation. A monolayer of amorphous MnOx
may exhibit different Mn-densities. However, a comparison with the values for the surface
Mn-density in Tab. 4.1 shows that for all three catalyst the Mn-loading is above that of a
monolayer of MnOx .
The properties towards NH3-adsorption of the three catalysts were investigated by
NH3-TPD. The received profiles of desorbed gases are shown in Fig. 7.9 in Appendix
and therefrom calculated NH3-uptake and selectivity of desorbed gases are shown in
Fig. 4.4. Regarding the dried catalysts, the NH3-uptake decreases with increasing content
of Si in the support material. Mn/Si-Ti exhibits 15% less adsorption sites for NH3 than
Mn/Ti. In general the three catalysts show a high activity for oxidation of NH3. Mn/Si-Ti
reveals the highest NH3-selectivity of the three catalyst with 56%, while it is only 50% for
the two single-oxide supported catalysts. Furthermore, Mn/Si-Ti shows a 15% reduced
N2O-selectivity in comparison to Mn/Ti. The highest NO-selectivity is displayed for
Mn/Si. The differences in the selectivity of desorbed gases for the three dried catalysts
may not be very pronounced, however, they indicate a reduced oxidation ability of the
mixed-oxide supported catalyst. Mn/Si-Ti has a lower N2O-selectivity than Mn/Ti and a
lower NO-selectivity than Mn/Si.
The properties towards NO-adsorption in presence of O2 of the three catalysts were
investigated by NOx -TPD. The received profiles of desorbed gases are shown in Fig. 4.12
and therefrom calculated NOx -uptake and selectivity of desorbed gases are shown in
Fig. 4.5. Regarding the dried catalysts, the NOx -uptake decreases with increasing content
of Si in the support material. Mn/Si-Ti exhibits 54% less adsorption sites for NOx than
Mn/Ti. Both TiO2-based catalysts show a high NO-oxidation ability with over 75% of
desorbed NO2, while on Mn/Si only 37% of adsorbed NO were oxidized. SiO2 present
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in the support material leads to a lower number of NO-adsorption sites and a lower
NO-oxidation ability than TiO2.
4.1.1.3 Discussion
The most important impact of SiO2 in Mn/Si-Ti on SCR activity under dry gas-flow is
the reduction of the N2O-yield. This effect is not limited to a Si-Ti-mixed oxide support.
A catalyst prepared with an Al-Ti-mixed oxide support shows a similar behavior (Fig. 7.11
in Appendix). The NO-conversion in dry gas-flow was not influenced by SiO2-introduction.
As described in Sec. 2.1.3 N2O as deep-oxidation product of SCR can be formed on four
different pathways: (1) In a side reaction of the ER-mechanism where NH3 is over-oxidized,
which is considered to play an important role in the N2O-formation over Mn-containing
catalysts. (2) In a side reaction of the LH-mechanism where NO is over-oxidized. (3) In
the parasitic NH3-oxidation. (4) As the result of the interaction of two NO-molecules
adsorbed on adjacent reduced sites.
One of the identified impacts of SiO2 in Mn/Si-Ti in comparison to Mn/Ti is a reduced
sintering effect of the TiO2 support during the calcination at 773K, which caused a higher
specific surface area of the catalyst. In general, it is a benefit for every solid catalyst to
offer a higher specific surface area. However, if the Mn-loading is constant, an increase of
the specific surface area causes a decrease of the density of Mn on the catalysts surface,
which can also influence the catalytic activity. In deed, in an other investigated catalyst
series, where the Mn-to-Ti ratio was varied, an increase of N2O-yield with an increase of
surface-density of Mn was revealed (Fig. 7.10 in Appendix). However, here also a slight
increase of NO-conversion in LT-region with the Mn-surface-density was registered, what
was not the case for Mn/Si-Ti and Mn/Ti. Thus, the lowered N2O-yield over Mn/Si-Ti
can not exclusively be an effect of the higher specific surface area.
From H2-TPR experiments a stabilization of MnOx in higher oxidation states induced by
a synergistic effect of SiO2 and TiO2 in Mn/Si-Ti was found. This effect was not observed
by varying the Mn-to-Ti ratio. Hence, it can be excluded that this is caused by a change of
the surface-density of Mn. The shift of the temperature of the reduction reactions can be
caused by a change in particle size, lattice oxygen mobility, structural defects or support
interactions [155]. The presence of silanol but not of titanol groups on the surface of
Mn/Si-Ti indicates stronger interactions of MnOx with TiO2 than SiO2. That means, that
the interactions of MnOx with the support are decreased in Mn/Si-Ti in comparison to
Mn/Ti. Thus, a change in the electronic structure of MnOx can potentially be a reason for
the change of the redox properties. However, it can not be excluded that also structural
changes of MnOx are responsible for the changed redox properties. A scanning electron
microscopy (SEM) analysis of the catalysts did not show a noticeable difference between a
sample of MnOx -loaded and unloaded TiO2 material (Fig. 7.12 in Appendix).
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The stabilization of high oxidation states of MnOx might be the reason for the reduced
oxidation ability of Mn/Si-Ti towards NH3 and NO, what was found by TPD methods. A
reduced oxidation ability towards NO in presence of O2 leads to lower amounts of nitrates
on the catalyst surface (Eq. 2.21) which can react with adsorbed ammonia to N2O (Eq.
2.22). Thus, the rate of N2O-formation via the side reaction of the LH-mechanism is
lowered. A reduced oxidation ability of the catalyst towards NH3 would reduce N2O-
formation via parasitic NH3-oxidation and might also indicate a reduced oxidation ability
towards NH2 because of their structural similarities. In this manner less imide is formed
on the catalyst surface (Eq. 2.23) which can further react with gaseous or weakly adsorbed
NO to N2O (Eq. 2.25). Thus, the rate of N2O-formation via the side reaction of the
ER-mechanism is lowered.
The TPD experiments revealed a decreased uptake of NH3 as well as of NO with an
increasing content of SiO2 in the support material. This indicates changes in the structure
of the MnOx -surface which influences the number of appropriate adsorption sites for
NO and NH3. However, the surface-density of adsorption sites obviously do not affect
the NO-conversion of Mn/Ti and Mn/Si-Ti. On the other hand, it could be a further
explanation of the different N2O-yields of them. According to Yates and Martín [15, 55]
N2O can be formed from the interaction of adjacent adsorbed NO. A lower density of
NO-adsorption sites will also lower the probability of existence of adequate adsorption
sites for this interaction.
Four different pathways of possible N2O-formation during SCR reaction were discussed.
And a plausible explanation of the suppression of each pathway over Mn/Si-Ti in comparison
to Mn/Ti was found based on the results of catalyst characterization. Potentially, all
of them contribute to the lowered N2O-yield observed over Mn/Si-Ti. For MnOx/TiO2
catalysts it is reported that the major part of N2O is formed via the side reaction of
the ER-mechanism [44, 49, 52] (Eq. 2.23 and 2.25). In-deed, by a variation of the
inlet concentration of NO or NH3 this was also found to play an important role in the
N2O-formation over Mn/Ti at 393K. However, the ER-pathway seems to become less
important over Mn/Si-Ti. Thus, a change in the portions of the pathways of N2O-formation
was revealed. The portion of the side reaction of the ER-mechanism is reduced by the
introduction of SiO2 in Mn/Si-Ti. The suppression of this pathway can be caused by the
lowered oxidation ability of the catalyst towards NH3, but also structural changes of the
MnOx -surface might be a reason for this.
A reduction in the oxidation ability of an SCR catalyst can be efficient only to a certain
degree. As described in Sec. 2.1.2, the catalyst has to be oxidative to NO or NH3 to activate
them for the SCR reaction. However, as discussed here, too strongly oxidative catalysts
can lead to the formation of N2O as deep-oxidation by-product of the SCR reaction. On
the other hand, if the oxidation ability would be too low, a low NO-conversion would be
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the consequence. Thus, an efficient SCR catalyst requires the right intermediate oxidation
ability.
4.1.2 Impact in Wet Gas-Flow: Higher H2O-Resistance
4.1.2.1 Catalytic Activity
The NO-conversion and N2O-yield of SCR reaction in dependence of the temperature of the
three catalysts with different support materials in a gas-flow containing 4.5 vol.-% H2O are
summarized in Fig. 8.1b. Only Mn/Si-Ti can still reach a nearly full NO-conversion, but at
higher temperatures than without dosing of H2O to the gas-flow. For a better comparison,
the degree of deactivation caused by H2O is shown in Fig. 4.6. A positive value of the
deactivation-degree represents a lower NO-conversion caused by the presence of H2O and
a negative value represents a higher NO-conversion. It can be seen that the deactivation
caused by H2O is more pronounced in LT-region than at higher temperatures. This is
also the reason for the shift of the maximum of NO-conversion to higher temperatures.
While Mn/Ti and Mn/Si-Ti display the same NO-conversion without dosing of H2O, the
NO-conversion of Mn/Si-Ti is higher than of Mn/Ti in presence of H2O. In the whole
temperature range Mn/Si-Ti reveals an about 7% lower deactivation-degree than Mn/Ti.
This indicates a higher H2O-resistance due to the introduction of SiO2. In general Mn/Si is
significantly stronger deactivated by H2O up to 550K. It may show a deactivation-degree
similar to the TiO2-based catalysts up to 400K, however, its NO-conversion in dry gas-flow
is poor at this temperature. Thus, a synergistic effect of TiO2 and SiO2 is revealed by a
lower deactivation-degree caused by H2O.
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Fig. 4.6: Deactivation-degree of the NO-conversion of SCR reaction over Mn/Ti, Mn/Si-Ti and Mn/Si
caused by 4.5 vol.-% H2O; 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, He-balance, GHSV = 30 000 h−1.
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At temperatures above 550K all three catalysts display a negative deactivation-degree.
This indicates a higher NO-conversion, if H2O is present in the feed-gas. Du et al. [79]
noticed the same behavior over a Ce-Cu-Ti-oxide catalyst and explained it by a suppression
of parasitic NH3-oxidation, which is responsible for the drop of NO-conversion at high
temperatures.
The N2O-yield over all three catalysts is lowered by the presence of H2O in the gas-flow
especially in the LT-region. However, at 473K a yield of 7% is still obtained over Mn/Ti,
while it is only 1% over Mn/Si-Ti. Also at higher temperatures, Mn/Si-Ti reveals a lower
N2O-formation rate than Mn/Ti.
The predominating pathway of N2O-formation during SCR in presence of 4.5 vol.-%
H2O over Mn/Ti and Mn/Si-Ti at 493K was investigated by a variation of the inlet
concentration of NO or NH3, respectively. Similar investigations were already described in
literature [44, 52]. Fig. 4.7 shows the impact of a change by 100 ppm on the measured
N2O-concentration and NO-conversion in presence of 4.5 vol.-% H2O. A postulation how
the measured N2O-concentration and NO-conversion should change according to either
an ER- or LH-mechanism is described in Sec. 7.2 and Tab. 7.1 in Appendix. For both
catalysts a decrease of the inlet NO-concentration or an increase of the NH3-concentration
leads to an increase of NO-conversion (and vice versa), what could be expected for an ER-
and LH-mechanism. Over Mn/Ti a decrease of NH3-concentration causes a decrease of
the measured N2O-concentration (and vice versa), which can be assigned to an ER-type
N2O-formation mechanism and was also observed in the corresponding experiment in
dry gas-flow. On the other hand, a change of the inlet NO-concentration barely affected
the measured N2O-concentration. This behavior could be assigned to an LH-type N2O-
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Fig. 4.7: Impact of a change in the inlet concentration of NO or NH3 on the measured N2O-
concentration xout(N2O) and NO-conversion X (NO) of SCR reaction in presence of H2O over
Mn/Ti and Mn/Si-Ti at 493K. Following reaction conditions were set for the white marked (white
background) measuring points: 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, 4.5 vol.-% H2O, He-balance,
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of NO or NH3.
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formation mechanism and was not observed in the corresponding experiment in dry
gas-flow. However, it is striking that the N2O-formation is influenced by the gas-phase
NH3-concentration but not by NO-concentration. Over Mn/Si-Ti the same behavior as in
the experiment with a dry gas-flow can be seen. So again, the N2O-formation proceeds
predominately via LH-mechanism with a minor portion of the ER-mechanism.
4.1.2.2 Catalyst Characterization
H2O-TPD was used to probe the adsorption properties of the catalysts towards H2O. The
received desorption profiles of H2O are shown in Fig. 4.8a and therefrom calculated uptake
of H2O is shown in Fig. 4.8b. The Ti-sample displays the majority of H2O-desorption
at temperatures below 600K. In contrary, Si-Ti exhibits the majority of H2O-desorption
above 600K. This indicates, that new stronger adsorption sites for H2O were created
on the support surface by SiO2-introduction, while some weak adsorption sites on the
TiO2-surface were covered by SiO2. However, the desorption maxima of the Ti- and
Si-Ti-sample are not distinctive in the profiles of Mn/Ti and Mn/Si-Ti. This indicates,
that MnOx covers almost all of the H2O-adsorption sites of the support material and
determines the desorption profiles of Mn/Ti and Mn/Si-Ti. Probably, this applies also for
the adsorption of NO and NH3. The H2O-uptake of Mn/Si-Ti is 42% less than of Mn/Ti.
In the desorption profile of Mn/Si-Ti three desorption maxima at 433K, 484K and 570K
can be distinguished. The position of the main maximum at 570K is the same for Mn/Ti
and Mn/Si-Ti. This shows, that the binding strength of a single adsorption site for H2O
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Fig. 4.8: (a) Profiles of H2O-TPD after a hydrothermal treatment of Mn/Si-Ti and comparison
samples at 473K with 4.5 vol.-% H2O in He and (b) therefrom calculated H2O-uptake. All values
were normalized to the specific surface area of the catalysts.
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was not influenced by SiO2-introduction but their number. A comparison of the signal
intensity at the three mentioned temperatures for Mn/Ti and Mn/Si-Ti reveals a reduction
of 43% at 433K, 46% at 484K and 52% at 570K. Thus, the number of the stronger
adsorption sites is reduced slightly more intense than the number of weak adsorption sites.
As additional method to investigate the interactions of the catalysts with H2O the
isothermal adsorption at elevated pressure was applied. The adsorption isotherms are
shown in Fig. 7.13 in Appendix. Three different characteristic values could be received
from the isotherms which are summarized in Fig. 4.9: (1) The C-value, which is received
by the evaluation of adsorption isotherms through the BET-theory. It is related to the
affinity of the material to the adsorbed H2O [146]. (2) The maximum uptake of H2O at
the highest pressure normalized to the specific surface area determined by N2-sorption.
(3) The χ-index, which was described by Fried et al. [147] and can be considered as a
figure of merit for hydrophilicity. It was calculated from the ratio of the monolayer uptake
determined by H2O-sorption to the monolayer uptake determined by N2-sorption. The
C-value and maximum H2O-uptake reveal similar results, i.e. a reduction of adsorbent-
adsorbate-interactions by SiO2-modification for Si-Ti and Mn/Si-Ti. For both support
materials an increase of the interactions by loading with MnOx is displayed. The χ-index
reveals only a higher affinity to H2O for Mn/Ti than for Mn/Si-Ti. This characteristic is
revealed by all three calculated figures of merit from isothermal H2O-sorption.
NH3-TPD experiments were also conducted with H2O-saturated samples where no
drying-step was applied to investigate the impact of H2O on NH3-adsorption. The results
of the wet samples are shown in Fig. 4.4. For a better comparison the relative difference
in total NH3-uptake and NH3-selectivity caused by pre-adsorbed H2O in comparison to
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Fig. 4.9: Characteristic values received from isothermal adsorption of H2O at 298K.
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the dried samples are shown in Fig. 4.10 for the three catalysts. All samples reveal an
increased NH3-uptake in presence of H2O. Probably, can one molecule of adsorbed H2O
offer up to two new adsorption sites for NH3 via hydrogen bonds. This additional adsorbed
NH3 requires additional space on the catalyst surface. Thus, it is possible on Mn/Si, which
exhibits the lowest density of NH3-adsorption sites, to almost double the NH3-uptake in
presence of H2O. The increase of NH3-uptake is less pronounced for Mn/Si-Ti than for
Mn/Ti. The NH3-selectivity of Mn/Ti and Mn/Si-Ti is lowered by the presence of H2O.
So, obviously the oxidation ability of these two catalysts is increased by H2O, while it is
decreased for Mn/Si. Mn/Ti and Mn/Si-Ti reveal almost the same NH3-selectivity with
pre-adsorbed H2O present on the surface.
Also additional NOx -TPD experiments with H2O-saturated catalysts were conducted.
The results of the wet samples are shown in Fig. 4.5. For a better comparison the
relative difference in total NOx -uptake and NO2-selectivity caused by pre-adsorbed H2O
in comparison to the dried samples are shown in Fig. 4.11 for the three catalysts. The
NOx -uptake is slightly decreased for Mn/Ti, while it is increased for the Si-containing
catalysts. A view on the desorption profiles of the NOx -TPD experiments in Fig. 4.12
reveals nearly the same profile of NO2-desorption from Mn/Si-Ti for the dry and wet
sample. On contrary, for the single-oxide supported catalysts a lower NO2-desorption rate
is shown for the wet samples over the whole temperature range. Possibly, the oxidative
NO-adsorption sites on Mn/Si-Ti were not influenced by H2O, while new non-oxidative
adsorption sites were created by H2O. These new adsorption sites are probably dipole
interactions between adsorbed H2O and NO. Thus, the oxidation ability towards NO is
not influenced by H2O on Mn/Si-Ti, while it is lowered on Mn/Ti and Mn/Si. Mn/Ti and
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Fig. 4.10: Relative difference in total NH3-uptake and NH3-selectivity of NH3-TPD experiments
caused by pre-adsorbed H2O in comparison to the dried samples.
52 4 Results and Discussion
Mn/Ti Mn/Si-Ti Mn/Si
-60
-40
-20
0
20
40
60
80 relative difference in
 total NOx-uptake / %
 NO2-selctivity / %
Fig. 4.11: Relative difference in total NOx -uptake and NO2-selectivity of NOx -TPD experiments
caused by pre-adsorbed H2O in comparison to the dried samples.
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Mn/Si-Ti reveal almost the same NO2-selectivity with pre-adsorbed H2O present on the
surface.
4.1.2.3 Discussion
Dosing of H2O to the gas-flow causes a suppression of NO-conversion at temperatures
up to 525K. While Mn/Ti and Mn/Si-Ti show the same NO-conversion in the H2O-free
experiments, Mn/Ti is more pronounced deactivated by H2O than Mn/Si-Ti. Here a
synergistic effect of Si- and Ti-oxide was revealed. The higher H2O-resistance of Mn/Si-Ti
can be related to lower interactions of the catalyst with H2O due to the introduction of
SiO2. H2O-TPD experiments revealed a decrease of the number of adsorption sites for
H2O. The number of the strong adsorption sites is reduced more pronounced than the
number of weak adsorption sites. This causes a decrease of the average binding strength
of H2O. Thus, structural changes of the MnOx -surface induced by SiO2-introduction are
responsible for the higher H2O-resistance of Mn/Si-Ti.
Two different techniques to investigate the interactions of the catalysts and supports
with H2O were applied: H2O-TPD after a hydrothermal treatment and isothermal H2O-
adsorption at elevated pressure. The TPD method delivers a desorption profile which
reveals a relative distribution of the strength of adsorption sites. Although a tailing effect
of the desorption signals in Fig. 4.8a indicates room for improvement of the method. The
integration of the desorption profiles delivers the number of adsorption sites represented
by the H2O-uptake as an additional value. A comparison of the TPD results with the
three characteristic values received from isothermal H2O-adsorption points to a correlation
of the C-value and maximum H2O-uptake to the number of adsorption sites for H2O.
The χ-index of the Ti- and Si-Ti-samples is almost of the same value, while the TPD
experiment reveals less but in average stronger adsorption sites on Si-Ti. Thus, the χ-index
seems to represent the number as well as the strength of H2O-adsorption sites. So, no
characteristic value could be found that represents exclusively the strength. To conclude,
the TPD method seems to be a more powerful tool to investigate the interactions of a
solid with H2O.
NH3- and NOx -TPD experiments on the catalysts with pre-adsorbed H2O revealed an
increased oxidation ability towards NH3 and a reduced towards NO in comparison to the
dried catalysts. The increased oxidation ability towards NH3 is in disagreement with
literature reports [74]. The changes in the oxidation ability of Mn/Ti and Mn/Si-Ti are
different pronounced. Interestingly, they lead to a similar NH3- and NO2-selectivity in
NH3- and NOx -TPD experiments, respectively, of the wet samples of Mn/Ti and Mn/Si-Ti.
However, SCR experiments with 4.5 vol.-% H2O in the feed gas still reveal a lower N2O-
selectivity for Mn/Si-Ti. Probably are the experimental conditions of pre-adsorbed H2O
not fully comparable to an SCR experiment where H2O is dosed simultaneously to the
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SCR-reactants. However, a simultaneous saturation of the catalysts for TPD experiments
with H2O and NH3 or NO, respectively, was not feasible at the used apparatuses.
Experiments with a variation of the inlet concentrations of NO and NH3 showed that the
N2O-formation rate over Mn/Ti changes by a change of inlet NH3-concentration as can be
expected according to an ER-mechanism. However a change in the inlet NO-concentration
barely affected the N2O-formation rate. Probably, the presence of H2O hinders the reaction
of gas phase NO with surface NH. This could be due to H-bonded H2O attached on the
imide-H-atom. The proof of existence of such imide-water or amide-water complexes is
owing but could probably conducted by a DRIFTS-study, where a change of the wavelength
of imide or amide bands due to the presence of H2O can be expected. Unfortunately,
the impact of the NO- and NH3-concentration on the N2-formation rate could not be
investigated with the used apparatus. However, it could provide a hint if H2O also hinders
the reaction of gas phase NO with surface NH2. Over Mn/Si-Ti almost the same change in
the N2O-formation rate in presence of H2O as in absence was revealed. The LH-mechanism
of the SCR reaction is probably less prone to H2O than the ER-mechanism. This could
also be a reason for the higher H2O-resistance of Mn/Si-Ti in comparison to Mn/Ti.
4.1.3 Summary of SiO2-Impact
The introduction of SiO2 in Mn/Si-Ti caused electronic and structural changes of the
catalyst surface which is governed by MnOx . It shows strong interactions with the TiO2
support. A reduction of these interactions by the presence of SiO2 is probably the reason
for the electronic and structural changes. They lead to a stabilization of MnOx in higher
oxidation states, which causes a decrease of the oxidation ability towards the SCR reactants
NH3 and NO. The uptake of NH3, NOx and H2O is significantly reduced by the SiO2-
introduction. However, the number of adsorption sites is reduced to a different extent
for these adsorptives which is summarized in Tab. 4.2. The difference in the relative
losses indicate substantial changes of the surface structure of MnOx . However, the nature
of these changes is unknown. From scanning electron microscopy (SEM) images of the
MnOx -loaded and unloaded TiO2 support no differences of the surface could be observed
(Fig. 7.12 in Appendix). It could be investigated further by extended X-ray absorption fine
Tab. 4.2: Total uptake of NH3-, NOx - and H2O-TPD experiments on Mn/Ti and Mn/Si-Ti as well
as the relative loss of adsorption sites caused by SiO2-introduction.
i-TPD i-uptake / µmolm−2 relative loss
Mn/Ti Mn/Si-Ti
NH3 2.1 1.8 15%
NOx 2.0 0.9 54%
H2O 6.6 3.8 42%
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structure spectroscopy (EXAFS) or an atom-resolved microscopy like scanning tunneling
microscopy (STM). Best to my knowledge, in literature there is no report on the detailed
nature of the active sites for the SCR reaction on the surface of metal oxides (except
zeolites).
The electronic and structural changes of the catalyst affected the SCR activity. Mn/Si-Ti
revealed a lower N2O-formation rate and a 7% higher H2O-resistance than Mn/Ti in
LT-region. Furthermore, a change in the predominating mechanism of the SCR reaction
from ER-type to LH-type was found. The decreased N2O-formation rate is caused by
the decreased oxidation ability of the catalyst towards NH3 and NO. The increased H2O-
resistance can be correlated to the loss of adsorption sites for H2O, which is stronger
pronounced than the loss of NH3-adsorption sites.
4.2 Mn-Ce Mixed-Oxide as Active Component
An other catalyst series was prepared where the composition of the active component was
varied. In mixed-oxide catalysts, one metal element can modify the catalytic properties of
another, which results from both electronic and structural influences [81]. One catalyst
loaded with only MnOx or CeOx , respectively, was prepared and three with a mixed-
oxide active component of different compositions. All catalysts were supported by TiO2
(Hombikat R© 8602). For these catalysts the molar ratio of Mn to Ce was changed, while the
total amount of Mn and Ce in relation to Ti was kept constant. In the following section
the oxidic catalysts are denoted only by the metal composition of their active component,
e.g. Mn0.75Ce0.25. Their preparation is described in Sec. 3.1.2.
4.2.1 Catalytic Activity
The activity for the SCR reaction of the Mn-Ce-Ti catalysts in a dry gas-flow is shown in
Fig. 4.13. The catalyst loaded with Mn-oxide only reveals a higher NO-conversion in the
LT-region than the catalyst with Ce-oxide only. However, a high NO-conversion over 90%
is obtained over the Ce-catalyst also at high temperatures of 673K. The N2O-formation
rate is much lower for the catalyst loaded only with Ce-oxide than for the catalyst with
Mn-oxide only. The Ce-catalyst exhibits an N2O-yield of less than 1% up to 673K.
A comparison of the catalyst loaded only with Mn-oxide as active component of this
catalyst series with the sample denoted as Mn/Ti in Fig. 8.1a shows a higher N2O-yield over
the whole temperature range for Mn/Ti. Both consist of MnOx supported on TiO2, but
for the catalyst denoted as Mn in Fig. 4.13 some modifications of the preparation method
were established: (1) The loading of Mn-oxide was reduced from n(Mn)/n(Ti) = 0.3 to
0.2. (2) Manganese(II) nitrate was used as precursor for MnOx instead of manganese(II)
acetate. (3) The temperature of calcination was reduced from 773K to 623K. (4) And
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Fig. 4.13: NO-conversion and N2O-yield in SCR reaction in dependence of the temperatures over Mn-
Ce mixed-oxide catalysts; 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, He-balance, GHSV = 30 000 h−1.
Hombikat R© 8602 was used as support material instead of Hombikat R© UV 100. These
modifications of the preparation method were found in the space of time between the
preparation of the two catalysts and were successfully applied to reduce the N2O-formation
rate over MnOx/TiO2 catalysts.
The Mn-rich Mn0.75Ce0.25 catalyst shows a higher NO-conversion at temperatures up
to 448K and a higher N2O-yield above 473K than the catalysts loaded only with Mn- or
Ce-oxide. Thus, a synergistic effect of Mn- and Ce-oxide is revealed. The other catalysts
with Mn-Ce-oxide show an activity intermediate of Mn0.75Ce0.25 and Ce.
A correlation between the N2O-yield above 500K and the decrease of NO-conversion
with increasing temperature above 550K can be seen in this catalyst series. Both is most
pronounced for Mn0.75Ce0.25.
The influences of H2O and/or SO2 on the catalyst activity were investigated by a
poisoning-sequence. An example of the sequence including the measured gas concentrations
over the Ce-catalyst is shown in Fig. 7.14 in Appendix. It started with 90min of dosing of
4.5 vol.-% H2O, followed by 90min of regeneration, followed by 90min of dosing of 50 ppm
SO2, followed by 90min of regeneration, followed by 90min of simultaneous dosing of H2O
4 Results and Discussion 57
and SO2. It has to be noted, that this procedure does not represent the real influence of
each contaminant on a non-poisoned catalyst, but it can be used as a rapid test of the
poisoning resistance of a catalyst. The NO-concentrations at the end of each poisoning
period and that at the end of the previous regeneration period were used to calculate
the deactivation degree according to Eq. 3.16. It is summarized in Fig. 4.14. Here again,
Mn0.75Ce0.25 reveals an outstanding catalytic activity by the lowest deactivation degree
caused by H2O and/or SO2 in this catalyst series. It can also be seen, that the catalyst
loaded only with Ce-oxide shows a stronger deactivation by H2O than the catalyst loaded
only with Mn-oxide. On the other hand, Mn-oxide is deactivated stronger by SO2 than
Ce-oxide. What is not shown here, is that the N2O-formation rate is decreased over all
catalysts by the presence of H2O or SO2 in the gas-flow.
4.2.2 Catalyst Characterization
The specific surface area and pore volume determined by N2-sorption of the Mn-Ce-Ti
catalysts are shown in Tab. 4.4. A sample of the support material treated in the same
way as the Mn-Ce-Ti catalysts but without addition of metal salts to the impregnation
solution exhibited a specific surface area of 231m2 g−1. So, the surface area was reduced
by the deposition of the active component, probably by pore-blocking or filling of smaller
pores. The pore volume is decreasing with increasing Ce-content. Probably, pore-blocking
is enhanced by Ce-oxide. However, the surface area did not changed continuously with the
Ce-content. The highest specific surface area is obtained for Mn0.75Ce0.25. The XRPD-
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Fig. 4.14: Deactivation degree of the Mn-Ce mixed-oxide catalysts after 90min of dosing of H2O
and/or SO2 to the SCR feed-gas at 473K; 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, 4.5 vol.-% H2O,
50 ppm SO2, He-balance, GHSV = 30 000 h−1.
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Tab. 4.3: Specific surface area ABET and pore volume V P determined by N2-sorption of Mn-Ce-Ti
catalysts.
ABET / m2 g−1 V P / cm3 g−1
Mn 155 0.32
Mn0.75Ce0.25 172 0.27
Mn0.5Ce0.5 147 0.25
Mn0.25Ce0.75 153 0.26
Ce 129 0.21
pattern of some of these catalysts are shown in Fig. 7.15 in Appendix. There, no reflexes
of Mn-oxides can be seen and crystalline CeO2 is only present on catalysts with a high
Ce-content. This indicates an amorphous and probably highly dispersed existence of the
Mn-oxide and Mn-Ce mixed-oxide active component on the TiO2-surface.
The reducibility of the catalysts was investigated by H2-TPR. The received profiles of
H2-consumption and therefrom calculated specific H2-consumption are shown in Fig. 4.15.
The catalyst loaded only with Mn-oxide reveals its maximum of H2-consumption at 616K,
while its located at 837K for the catalyst loaded only with Ce-oxide. In general, the main
part of H2-consumption of the catalysts is shifted to higher temperatures with an increase
of Ce-content. Also the specific H2-consumption is decreasing with increasing Ce-content.
This shows on the one hand, that the Mn-rich catalysts are more effective oxidized during
the pre-treatment at 603K in air, and on the other hand, that the Mn-rich catalysts are
easier to reduce than the Ce-rich. The reduction of Mn0.25Ce0.75 and the Ce-catalyst was
not completed at the highest investigated temperature of 973K. This is the reason, why
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Fig. 4.15: (a) Profiles of H2-TPR of Mn-Ce-Ti catalysts after an oxidative pre-treatment with a
heating rate of 5Kmin−1 and (b) therefrom calculated specific H2-consumption.
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these two catalyst reveal a significant lower specific H2-consumption than the others. A
synergistic effect of Mn- and Ce-oxide is revealed for Mn0.75Ce0.25 which shows the highest
reducibility up to 580K of this catalyst series.
The adsorption properties towards NH3 of the Mn-Ce-Ti catalysts were investigated
by NH3-TPD. The received desorption profiles are shown in Fig. 7.16 in Appendix and
therefrom calculated NH3-uptake and selectivities of desorbed gases are shown in Fig. 4.16.
The Mn- and Ce-catalyst exhibit a similar NH3-uptake. However, the Mn- and Ce-oxide
containing catalysts show an alternating increase and decrease of the NH3-uptake with an
increasing Ce-content. Obviously, the structure of the catalyst surface strongly depends
on the composition of the catalyst and is determined by complex interactions between
Mn- and Ce-oxide. The oxidation ability of the catalysts of this series are similar, except
from Mn0.75Ce0.25, which reveals the highest oxidation ability towards NH3 and the highest
N2O-selectivity of desorbed gases. The desorption profiles of NH3 show different binding
strengths of NH3 for these catalysts. However, no clear correlation to the composition of
the active component can be seen.
The adsorption properties towards NO in presence of O2 were investigated by NOx -TPD.
The received desorption profiles are shown in Fig. 4.17a and therefrom calculated NOx -
uptake and selectivities of desorbed gases are shown in Fig. 4.17b. The desorption of NOx
is governed by NO2 with a selectivity of over 90% for all five catalysts. This indicates a
high oxidation potential towards NO, especially for the catalysts loaded only with Mn-
or Ce-oxide. The desorption profile of the Ce-catalyst reveals its maximum desorption
rate at 634K with a shoulder-signal at 612K. A comparison with the NOx -TPD profile
of the unloaded support material Hombikat R© 8602 in Fig. 7.17b in Appendix reveals,
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Fig. 4.16: Total NH3-uptake and selectivity S of desorbed gases determined by NH3-TPD from
Mn-Ce-Ti catalysts. Corresponding desorption profiles can be seen in Fig. 7.16 in Appendix.
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Fig. 4.17: (a) Profiles of the concentration of desorbed gases during NOx -TPD experiments of the
Mn-Ce-Ti catalysts and (b) therefrom calculated total NOx -uptake and selectivity S of desorbed
gases. The concentrations were normalized to the specific surface area of the catalysts.
that the desorption peak at 634K arises from NO2 desorbed from TiO2-surface. This
indicates the presence of TiO2 on the surface of this catalyst. The desorption rate of
the other catalysts at this temperature is decreasing with increasing Mn-content and
close to zero for the Mn-catalyst. This shows that Mn-oxide interacts stronger with the
TiO2-support than Ce-oxide. The shoulder at 612K in the NO2-desorption profile of
the Ce-catalyst is probably due to NO2 desorbed from Ce-oxide. The position of the
main peak of NO2-desorption rate shifts to lower temperatures as well as the desorption
rate in the low temperature region up to 550K is increasing with the Mn-content of the
catalysts from zero to 75% in the active component. For the Mn-catalyst, the main peak
of desorption rate is shifted to higher temperatures as well as the desorption rate at low
temperatures is lowered in comparison to Mn0.75Ce0.25. This indicates in general a stronger
binding strength of NOx on Ce-rich catalysts and reveals again a synergistic effect of
Mn- and Ce-oxide in Mn0.75Ce0.25 which decreases the binding strength of NOx . Also the
NOx -uptake is influenced by the composition of the active phase. While the Mn- and
Ce-catalyst exhibit almost the same number of NO-adsorption sites, it is decreased for
the Mn-rich and increased for the Ce-rich mixed-oxide catalysts. This again indicates
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complex interactions between Mn- and Ce-oxide that determine the surface structure of
the catalysts.
The adsorption properties towards H2O of the Mn-Ce-Ti catalysts were investigated
by H2O-TPD. The received desorption profiles are shown in Fig. 4.18a and therefrom
calculated H2O-uptakes are shown in Fig. 4.18b. The H2O-desorption profiles reveal only
minor differences in the H2O-adsorption behavior of Mn0.75Ce0.25, the Mn- and Ce-catalyst.
Mn0.75Ce0.25 exhibits some less strong adsorption sites in comparison to the catalyst loaded
only with Mn-oxide. The calculated H2O-uptake of Mn0.75Ce0.25 is 29% less than on the
Mn-catalyst and 13% less than on the Ce-catalyst. Thus, again a synergistic effect of Mn-
and Ce-oxide is revealed.
4.2.3 Discussion and Summary
Mn- and Ce-oxide offer different advantages as catalyst for the SCR reaction, which
are demonstrated also in the Mn-Ce-Ti catalyst series. The Mn-catalyst showed a high
NO-conversion in the LT-region and a higher H2O-resistance, while the Ce-catalyst showed
a low N2O-selectivity and a higher SO2-resistance. The catalyst with a mixed-oxide active
component of the composition Mn0.75Ce0.25 does not only show the advantages of Mn- and
Ce-oxide, it shows a further enhancement compared to the catalysts loaded only with
Mn- or Ce-oxide in all aspects. Thus a synergistic effect of Mn- and Ce-oxide was found
which resulted in (1) a higher NO-conversion in LT-region, (2) a higher H2O-resistance and
(3) a higher SO2-resistance than the single-oxides. During the catalyst characterization
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Fig. 4.18: (a) Profiles of H2O-TPD after an H2O-saturation of Mn-Ce-Ti catalysts at room temper-
ature and subsequent tempering at 363K under He-flow and (b) therefrom calculated H2O-uptake.
All values were normalized to the specific surface area of the catalysts.
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further synergistic effects of Mn- and Ce-oxide were found for Mn0.75Ce0.25: (4) an easier
reducibility by H2, (5) a higher oxidation ability towards NH3 and (6) a lower binding
strength of NOx on the catalyst surface.
The H2O-adsorption properties are only slightly influenced by the composition of the
active phase of these catalysts. Particularly, the order of the H2O-uptake of Mn0.75Ce0.25,
the Mn- and Ce-catalyst does not correlate with the H2O-resistance of these catalysts.
Indeed, Mn0.75Ce0.25 exhibits compared to the Mn-catalyst, which are similar catalysts to a
certain extent, an H2O-uptake reduced by 29%. However, the sample denoted as Mn/Si-Ti
in Sec. 4.1 has a more pronounced reduction of H2O-uptake in comparison to Mn/Ti but
a less pronounced difference in the deactivation degree caused by H2O. So probably, the
reduced H2O-uptake registered on Mn0.75Ce0.25 in comparison to the Mn-catalyst is not
the main reason for the higher H2O-resistance of Mn0.75Ce0.25. This is more likely an
effect of the higher NO-conversion of Mn0.75Ce0.25 in comparison to the Mn-catalyst in
LT-region. The poisoning experiments were conducted at 473K, both catalysts show a
nearly full NO-conversion at this temperature. Due to the fact that Mn0.75Ce0.25 shows
a higher NO-conversion than the Mn-catalyst at lower temperatures, it is probable that
Mn0.75Ce0.25 would show a higher NO-conversion than the Mn-catalyst in an experiment
with a higher GHSV.
The higher NO-conversion of Mn0.75Ce0.25 in comparison to the Mn-catalyst in LT-region
can be correlated to the facilitated reducibility of Mn0.75Ce0.25 which was revealed by
H2-TPR. The postulated mechanisms of the SCR reaction include a reduction of the
active metal center either by NH3 or NO. Thus, an active metal center that is easier to
reduce should enhance the activation of the SCR reactants. It was already reported for
VWT-catalysts that the redox properties of a catalyst govern its activity in LT-region
[93]. In Mn0.75Ce0.25 also the re-oxidation of the active metal center might be enhanced
by electronic interactions between Mn- and Ce-oxide as discribed by Liu et al. [103] and
illustrated in Fig. 2.5. The re-oxidation of the active metal center is considered to be a
rate-determining step in the SCR mechanism in LT-region [4].
NH3-TPD experiments revealed the highest oxidation ability of this catalyst series for
Mn0.75Ce0.25. This might also be the reason for the high N2O-selectivity of this catalyst
above 500K. In this connection, Mn0.75Ce0.25 shows also the highest decrease of NO-
conversion with an increase of temperature above 500K. This all can be related to a
pronounced parasitic NH3-oxidation to N2O and NO above 500K and limits the possible
application of the as prepared catalyst to the LT-region.
It is not clear if—or in which way—the lower binding strength of NOx on the surface
of Mn0.75Ce0.25 co-determines its outstanding catalytic activity in this catalyst series.
The same applies for the structural changes of the catalyst surface in dependence of the
composition determined by TPD of NH3, NOx and H2O. The uptake of adsorbate changes
incontinuously with the catalyst composition. From the NH3- and NOx -uptakes of the
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catalysts containing Mn- and Ce-oxides, it can be assumed, that each catalyst exhibits
a different amorphous surface structure. Their nature could be investigated further
by extended X-ray absorption fine structure (EXAFS) spectroscopy or atom-resolved
microscopy like scanning tunneling microscopy (STM). Subsequently, it would be necessary
to find a correlation of the surface structure with the catalytic activity.
In comparison to the Mn-catalyst, Mn0.75Ce0.25 revealed also a higher SO2-resistance
in pre- and absence of additional H2O in the gas-flow. The benefit of Ce-oxide for the
SO2-resistance of Mn-free and -containing catalysts is already described in literature. It
is reported to be due to a facilitation of the decomposition of NH4HSO4 on the catalyst
surface [86], a prevention of the formation of Mn(SO4)x [87] and additional Brønsted-acid
sites provided by sulfated CeO2 [88].
4.3 Catalyst Modification with Organosilyl Groups
Based on the reports of the improvement of activity and selectivity of catalysts for
Epoxidation, Fischer-Tropsch synthesis and photo-catalytic Oxidation [135–141] our group
decided to investigate the impact of silylation of catalysts for SCR. This is an innovative
method in the field of SCR which has not been reported before. The idea behind it was to
achieve a higher hydrophobicity of the catalyst and thereby prevent adsorption of H2O.
SCR catalysts, which generally consist of metal oxides, are rather hydrophilic per se due to
their ionic structure. A grafting of the surface with hydrophobic organosilyl (OS) groups
shall bring a less hydrophilic and more hydrophobic character to the catalyst in order to
achieve a higher H2O-resistance.
The experimental work of the data presented in this section was conducted by M. Liebau
for the preparation of his master thesis [148] under the supervision of W. Suprun.
The catalysts described in this section were post-preparatively modified with OS-groups
as described in Sec. 3.1.3. That means, that the introduction of OS-groups was conducted
after the impregnation with active metal salts and after the calcination. It was also tried
to graft the OS-groups on the surface of the support and subsequently impregnate it with
the metal-precursor. However, it was not successful to load sufficient amounts of active
metal by an impregnation from an aqueous solution on an OS-modified support. Two dif-
ferent catalysts were chosen for the investigation of OS-modification: MnOx/y SiO2 ·TiO2
(denoted as Mn/SiTi) and CuOx/y SiO2 ·Al2O3 (denoted as Cu/SiAl). And two different
kinds of OS-groups were investigated: trimethysilyl (TMS) and phenylsilyl (PS) groups.
With the applied procedure of OS-modification, TMS-groups could successfully grafted on
Mn/TiSi as well as Cu/SiAl. However, PS-modification was successful only on Cu/SiAl.
64 4 Results and Discussion
4.3.1 Stability of Organosilyl Groups
The success of an OS-modification was analyzed by DRIFTS. Grafted TMS-groups show
typical absorption bands at 2961 cm−1 resulting from C–H stretching in CH3-groups and
at 1255 cm−1 resulting from Si–CH3 stretching [156, 157]. On PS-modified samples bands
at 1431 cm−1 and 3055 cm−1 can be attributed to Si–C6H5 stretching and vibrations of the
phenyl-ring, respectively [158]. Examples can be seen in Fig. 7.18 and 7.19 in Appendix.
Such absorption bands were found in the DRIFT-spectra of all of the here discussed
OS-modified catalysts and supports.
The determination of the amount of grafted OS-groups on the catalyst surface was
not possible by means of elementary analysis. Because the received carbon content was
significantly higher than calculated from the amount of applied silylation agent. This was
probably caused by toluene, which was used as solvent for the silylation agent, present
in the pores of the catalysts. A quantification of TMS-groups would be possible by
NMR analysis. The DRIFTS technique is restricted in the use for a quantitative analysis.
Differences in the particle size, shape, packing density, texture and IR-absorption make it
difficult to directly compare different samples [159]. Additionally, the extinction coefficient
of an absorption band does depend on the temperature. For fundamental vibrations
it is decreasing with increasing temperature [160]. Nevertheless, DRIFTS was used to
investigate the thermal stability of the grafted OS-groups under different conditions. Due
to the afore mentioned reasons, the following presented data and discussions can only serve
as an estimation. For TMS-groups the intensity of the adsorption band at 2961 cm−1 (C–H
stretching) and for PS-groups at 1431 cm−1 (Si –C6H5 stretching) were determined over
the background as shown in Fig. 7.18 and 7.19. The samples were stepwise heated from
373K to 773K under different atmospheres and the band intensities at each temperature
were normalized to the corresponding intensity at 373K.
The thermal stability of grafted TMS-groups can be derived from Fig. 4.19. 1TMS@-
Cu/SiAl shows an approximately linear decrease of the relative intensity up to 573K.
Above this temperature the decrease is stronger pronounced. The same applies for
1TMS@Mn/SiTi, but the bend between the two regions is located at 523K. Probably,
the decrease of the relative intensity in the first region is caused by a decrease of the
extinction coefficient of the C–H stretching mode with increasing temperature. Thus,
the temperature of the bend indicates the begin of the decomposition of TMS-groups.
The TMS-groups grafted on Mn/SiTi begin to decompose at lower temperatures than on
Cu/SiAl. This indicates, that the substrate of grafted OS-groups influences their thermal
stability. Obviously, MnOx does stronger promote the decomposition of TMS-groups
than CuOx . It is possible, that the TMS-groups were oxidized by the TMO or remaining
O2 adsorbed on the catalyst surface. TMS-groups grafted on the SiAl-support reveal a
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Fig. 4.19: Relative intensity of the adsorption band at 2961 cm−1 caused by C–H stretching of
TMS-groups in DRIFT-spectra of several TMS-modified materials in dependence of the temperature.
Samples were submerged with N2 during the experiment.
similar thermal stability as on Mn/SiTi, although this material should be free of highly
redox-active elements.
The influence of the submerging atmosphere during the experiment on the stability of
TMS-groups can be derived from Fig. 4.20. The presence of 4 vol.-% O2 in the gas-flow
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Fig. 4.20: Relative intensity of the adsorption band at 2961 cm−1 caused by C–H stretching of
TMS-groups in DRIFT-spectra of several TMS-modified materials in dependence of the temperature.
Samples were submerged with different atmospheres during the experiment; inert: N2, O2: 4 vol.-%
O2 in N2, SCR: 1000 ppm NO, 1000 ppm NH3 and 4 vol.-% O2 in N2.
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has no influence on the stability of TMS-groups grafted on the SiAl-support. In contrast,
the relative intensity of the C–H stretching band of 1TMS@Cu/SiAl bends at lower
temperatures and shows a stronger descent in presence of O2 than for the experiment
with an inert gas-flow. This reveals, that the redox-active CuOx is able to catalyze the
oxidation of the TMS-groups. The stability under SCR-conditions was investigated by
further addition of NO and NH3 to the gas-flow. The drop of the band intensity with
increasing temperature is similar to the experiment with addition of O2 only. Maybe
even a less pronounced drop can be seen. Thus, NO and NH3 do not take part in the
decomposition of TMS-groups and were oxidized by the CuOx instead. The TMS-groups
begin to decompose at 523K in presence of O2 and CuOx .
The amount of OS-groups seems to have no influence on their thermal stability. This
was investigated on Cu/SiAl modified with different amounts of PS-groups. The results
are shown in Fig. 7.20 in Appendix. All samples exhibit a similar descent of the relative
intensity of the absorption band at 1431 cm−1.
During the SCR experiments over OS-modified catalysts an emission of CO2 at temper-
atures above 423K was detected. This CO2 originates from oxidized OS-groups. Different
amounts were detected at different temperatures. An example of such a CO2 emission in
dependence of the temperature is shown in Fig. 7.21 in Appendix. An integration of the
CO2-concentration at each temperature step gave the amount of emitted CO2. Therefrom
the number of decomposed OS-groups was calculated under the assumption, that decom-
posed OS-groups were fully converted to CO2. The corresponding results for some catalysts
are shown in Fig. 4.21. Over the PS-modified SiAl-support significant amounts of CO2
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Fig. 4.21: Number of decomposed OS-groups of some OS-modified materials during SCR experiments
at different temperatures calculated from the CO2-concentration; 500 ppm NO, 575 ppm NH3, 4 vol.-%
O2, He-balance, GHSV = 30 000 h−1.
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were emitted only at high temperatures above 573K. This does not mean, that no decom-
position of PS-groups took place. It is rather the case, that PS-groups were not oxidized
to CO2 without a redo-active metal oxide. CO2 was the only OS-decomposition product
that could be detected by the used apparatus. Other possible decomposition products
are CO or various CxHyOz compounds that were not fully oxidized. A comparison of the
number of decomposed OS-groups of 1TMS@Cu/SiAl and 1TMS@Mn/SiTi shows, that the
decomposition of TMS-groups starts at lower temperatures on the Mn-containing catalyst
than on the Cu-containing. Similar results could be received by DRIFTS experiments
as shown in Fig. 4.19. However, at the climax at 573K more TMS-groups were oxidized
on Cu/SiAl. Up to 523K PS-groups were oxidized in a similar extent as TMS-groups on
Cu/SiAl. At higher temperatures PS-groups were more pronounced decomposed.
4.3.2 Impact of Organosilyl Modification on H2O-Adsorption
The adsorption properties of the OS-modified catalysts towards H2O could not be investi-
gated by H2O-TPD due to an additional release of H2O by the combustion of OS-groups
at higher temperatures. Instead of TPD a gravimetric adsorbate measurement was used
for the investigation of the hydrophilic/hydrophobic properties of the catalysts. Therefore,
the samples were first dried and subsequently saturated with water or toluene. The gain
of mass caused by non-competitive adsorption of water or toluene from gas-phase at room-
temperature was registered and the molar ratio of toluene-adsorbate to water-adsorbate
was calculated. This value can be considered as a figure of merit for hydrophobicity. It
has to be noted, that with this method chemisorbed as well as physisorbed adsorbate is
registered. The calculated molar ratios of toluene-adsorbate to water-adsorbate of some
OS-modified catalyst samples are summarized in Fig. 4.22. The corresponding weight gain
can be seen in Tab. 7.2 in Appendix.
For the unmodified samples an n(C7H8)n(H2O)−1-value close to one was received. This
indicates that on these metal oxides similar molar amounts of water and toluene can
be non-competitively adsorbed per surface unit. The OS-modified catalysts revealed a
decrease in the amount of adsorbed water and an increase in the amount of adsorbed
toluene compared to the unmodified catalysts. This resulted in a higher n(C7H8)n(H2O)−1-
value. Thus, it indicates, that polar OH-groups were partly substituted by hydrophobic
OS-groups and a hydrophobization of the catalysts was achieved by the OS-modification.
The hydrophobization was achieved for the Mn/SiTi as well as Cu/SiAl catalyst modified
with TMS. The sample 0.5TMS@Cu/SiAl was modified with the half of the amount of
silylation agent than 1TMS@Cu/SiAl. However, the n(C7H8)n(H2O)−1-value of 1TMS@-
Cu/SiAl is only slightly higher than of 0.5TMS@Cu/SiAl. This indicates, that low surface
densities of OS-groups can cause a similar hydrophobic effect as higher densities. A
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Fig. 4.22: Molar ratio of toluene-adsorbate to water-adsorbate n(C7H8) n(H2O)–1 of some OS-
modified catalysts and comparison samples.
comparison of the PS- and TMS-modified Cu/SiAl catalyst shows, that PS-groups can
more efficiently suppress the adsorption of water than TMS-groups (compare Tab. 7.2).
4.3.3 Impact of Organosilyl Modification on Catalytic Activity in
Pre- and Absence of H2O
4.3.3.1 Catalytic Activity
The influence of OS-modification on the NO-conversion and N2O-yield of the SCR reaction
in dry gas-flow can be seen in Fig. 4.23. The NO-conversion over Mn/SiTi is strongly
decreased up to 523K by TMS-modification. The decomposition of TMS-groups started
at this temperature under an inert gas-flow and starts probably at lower temperatures in
presence of O2. Probably, the catalyst surface is shielded by the TMS-groups and higher
temperatures as well as an ongoing decomposition lead to a better accessibility. The
remaining Si4+-ion after decomposition of the CH3-groups seems not to hinder the SCR
reaction. Also the N2O-yield over Mn/SiTi is strongly reduced by TMS-modification even
after the decomposition of TMS-groups. Over Cu/SiAl the NO-conversion is decreased
up to 550K but increased at higher temperatures by TMS-modification. Probably, the
remaining Si4+-ion after TMS-decomposition hinders the parasitic NH3-oxidation which
causes the decrease of NO-conversion at high temperatures. In contrast to Mn/SiTi,
TMS-modification has no impact on the N2O-formation over Cu/SiAl. PS-groups on
Cu/SiAl seem not to inhibit the SCR reaction up to 500K, in contrast to TMS-groups.
The reason can probably be found in their different geometry, that has a less shielding
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Fig. 4.23: NO-conversion and N2O-yield in SCR reaction in dependence of the temperature over
OS-modified catalysts and corresponding unmodified catalysts in dry gas-flow; (a) Mn/SiTi, (b)
Cu/SiAl; 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, He-balance, GHSV = 30 000 h−1.
effect on the catalyst surface. However, PS-groups promote the formation of N2O over the
whole investigated temperature range.
For the investigation of the influence of OS-groups on the activity of the catalysts for
SCR reaction in presence of 4.5 vol.-% H2O, the SCR reaction was first conducted over
night in dry gas-flow at 453K, then H2O was dosed for 3 h and finally a regeneration of
the catalyst in dry gas-flow was done. An example of the concentration profiles of such
an experiment is shown in Fig. 7.22 in Appendix. The influence of different amounts of
TMS-groups on the catalytic activity over Cu/SiAl is shown in Fig. 4.24. Unmodified
Cu/SiAl is strongly deactivated by H2O and the initial NO-conversion was not restored
after the exposure to additional H2O. Smaller and higher amounts of TMS-groups cause a
suppression of NO-conversion in dry gas-flow. In presence of H2O no higher NO-conversion
could be obtained than over the unmodified catalyst. After exposure to additional H2O,
a similar NO-conversion as before was obtained only over TMS-modified catalyst. Thus,
TMS-groups do not affect a higher H2O-resistance of Cu/SiAl, but at least, they cause a
higher regenerability. This is different for PS-groups as shown in Fig. 8.3. Small amounts
of PS-groups on the surface of Cu/SiAl cause an increase of NO-conversion in dry gas-flow.
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The highest NO-conversion in presence of H2O is obtained over 0.25PS@Cu/SiAl, which
is almost four times that of the unmodified catalyst. All PS-modified catalysts revealed
a fully restored NO-conversion after exposure to H2O, it is even slightly increased over
0.25PS@Cu/SiAl. Thus, the PS-modification of Cu/SiAl caused a higher H2O-resistance
and also promoted the catalytic activity. However, PS-modification of Cu/SiAl also
increased the N2O-formation rate.
The influence of H2O on the SCR-activity of 1TMS@Mn/TiSi was also investigated.
However, already the unmodified Mn/SiTi-catalyst showed almost no deactivation by
4.5 vol.-% H2O at 453K as can be seen in Fig. 7.23 in Appendix. Thus, no improvement
of H2O-resistance could be reached by OS-modification of Mn/SiTi.
4.3.3.2 Catalyst Characterization
The specific surface area and pore volume determined by N2-sorption of the OS-modified
and unmodified catalysts are shown in Tab. 4.4. A decrease of both characteristics by
OS-modification indicates the presence of OS-groups in the pores of the catalysts and a
decrease of accessible pore volume for N2. This is probably caused by blocking of smaller
pores by OS-groups and the presence of OS-groups on the pore walls. This is supported
by a comparison of BJH-plots of OS-modified and unmodified Cu/SiAl (Fig. 7.24 in
Appendix). PS-groups show a more pronounced effect of pore blocking than TMS-groups
what can be attributed to the different geometry of these OS-groups.
In the XRPD-patterns of Mn/SiTi only reflections of anatase TiO2 can be found which
indicates the presence of MnOx in a highly dispersed amporphous phase (Fig. 7.25 in
Appendix). After TMS-modification reflections of pyrolusite MnO2 can be seen. Obviously,
the procedure of TMS-modification caused a crystallization of the amorphous MnOx . This
crystallization was not thermally induced because the catalyst was already calcined. In
Cu/SiAl numerous crystalline phases could be detected (Fig. 7.26 in Appendix). In the
pattern of the support material broad reflections of γ-Al2O3 and η-Al2O3 were found that
indicate small crystallites of Al2O3. Without a Rietveld-refinement it was not possible to
Tab. 4.4: Specific surface area ABET and pore volume V P determined by N2-sorption of OS-modified
and unmodified catalysts.
ABET / m2 g−1 V P / cm3 g−1
Mn/SiTi 141 0.35
1TMS@Mn/SiTi 124 0.33
Cu/SiAl 246 0.45
1TMS@Cu/SiAl 238 0.46
0.25PS@Cu/SiAl 240 0.24
0.5PS@Cu/SiAl 212 0.17
1PS@Cu/SiAl 188 0.16
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distinguish between tridymite and christobalite SiO2, probably both are present in the
material. Sharp and strong reflections of tenorite CuO indicate the presence of larger
CuO-particles on the catalyst surface. No changes after TMS-modification could be
detected.
The impact of OS-groups on the reducibility of the catalysts was investigated by H2-TPR.
The received reduction profiles and therefrom calculated specific H2-consumptions are
shown in Fig. 4.26. The reduction profile of Mn/SiTi exhibits two maxima at 613K and
764K which can be assigned to the reduction of MnIV+ to MnIII+ and MnIII+ to MnII+,
respectively. The TMS-modification did not changed the position of these maxima. The
lower height of the reduction profile of 1TMS@Mn/SiTi is probably caused by the lower
temperature during the pre-treatment of the sample. Thus, the reducibility of Mn/SiTi
is barely affected by the TMS-modification. The reduction profile of Cu/SiAl exhibits
two maxima at 513K and 542K which can be assigned to the reduction of CuII+ to CuI+
and CuI+ to Cu0, respectively. Both are shifted to higher temperatures by 35K and
81K, respectively, due to the TMS- as well as PS-modification with high amounts of
silylation agent. This shift is less pronounced, if the density of PS-groups is lower. In the
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Fig. 4.26: (a) Profiles of H2-TPR of OS-modified and unmodified catalysts after an oxidative pre-
treatment with a heating rate of 5Kmin−1 and (b) therefrom calculated specific H2-consumption.
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profile of 1PS@Cu/SiAl a third maximum at 591 appeared. Thus, OS-modification causes
stabilization of CuII+ and CuI+ which causes a loss on reducibility at low temperatures. The
specific H2-consumption of 1TMS@Cu/SiAl is almost the same as of Cu/SiAl. In contrast,
for 1PS@Cu/SiAl a significantly reduced H2-consumption was received. This indicates a
limitation of the accessibility of redox-active sites by PS- but not by TMS-groups. The
stability of OS-groups in a reducing atmosphere was not investigated.
NH3-TPD analyses of OS-modified samples was impeded by the OS-groups and residual
toluene due to the detection of desorbed gases by MS. NH3 was detected by the observation
of m/z = 15. For TMS-modified samples a huge additional peak for this mass fragment
was received (Fig. 7.27 in Appendix). This was probably caused by the decomposition of
CH3-groups. Also for PS-modified samples a strong increase of the MS-signal for m/z = 15
was received (Fig. 7.27 in Appendix). Toluene may interact with the phenyl ring of
the PS-groups which causes a stronger adsorption on the surface. Thus, it cannot be
excluded, that this additional signal arises from residual toluene, that did not desorb
completely during the pre-treatment at 453K. Toluene potentially gives CH3-fragments in
the MS. Additionally, detection of N2O is impeded, because it has the same mass as CO2
which arises from oxidation of OS-groups. It can be expected, that the TMS-modified
catalysts have a loss of Brønsted-acid sites in comparison to the unmodified catalysts. For
PS-modified samples this would only be the case, if all three Cl-groups of the silylation
agent reacted with surface OH-groups. Otherwise, a later hydrolysis of Cl-groups with
H2O from air would cause additional NH3-adsorption sites. In literature [161, 162] the
existence of weak ammonia-benzene complexes is described. Such pi-complexes could also
be formed with PS-groups. It cannot surely be stated if the higher signal of m/z = 15
arises from NH3 or toluene.
The received desorption profiles of NOx -TPD analysis of some OS-modified catalysts are
shown in Fig. 4.27. Cu/SiAl exhibits desorption maxima for NO and NO2 at 423K and
657K. The NOx -desorption rate in the intermediate region at about 490–610K is rather
low. The OS-modified catalysts show a high desorption rate only in this intermediate
region. The range of strong NO2-desorption is nearly the same for the TMS-modified
Cu/SiAl and Mn/SiTi catalyst. This indicates, that the original NOx -adsorption sites
on Cu/SiAl and Mn/SiTi are not present after OS-modification and new adsorption
sites were created, which stability is determined predominately by the OS-group. It is
reported that NO adsorbs preferentially on O-vacancies on the surface of metal oxides [81].
These sites could be occupied by residual toluene from the OS-modification. However,
the results of XRPD analysis showed, that the procedure of OS-modification is able to
reconstruct the TMO-surface by the creation crystalline MnO2. This could also be a
reason for a loss of O-vacancies on the catalysts surface and thereby a loss of the original
NOx -adsorption sites. The majority of NO2-desorption from OS-modified catalysts starts
at the temperature where the OS-groups begin to decompose. Thus probably, the new
74 4 Results and Discussion
400 500 600 700 800
0
50
100
150
200
250
400 500 600 700 800
0
5
10
15
20
25
30
 
 
con
cen
trat
ion 
/ p
pm
 Mn/SiTi
 1TMS@Mn/SiTiNO
NO2
 
temperature / K
(a) 400 500 600 700 800
0
50
100
150
200
400 500 600 700 800
0
50
100
150
200  Cu/SiAl
 1TMS@Cu/SiAl
 1PS@Cu/SiAl
 
 
con
cen
trat
ion 
/ p
pm
NO
NO2
 
temperature / K
(b)
Fig. 4.27: Desorption profiles of NOx -TPD analysis of some OS-modified and unmodified catalysts;
(a) Mn/SiTi, (b) Cu/SiAl.
NOx -adsorption sites could be located in the region of the OS-groups. The calculated
NOx -uptake and NO2-selectivity are shown in Fig. 4.28. The NOx -uptake of Mn/SiTi is
lowered by TMS-modification, while it is slightly increased for Cu/SiAl. The NOx -uptake of
PS-modified catalysts is increasing with increasing density of PS-groups. All OS-modified
catalyst reveal an increase of the NO2-selectivity by OS-modification. Higher densities of
OS-groups lead to higher NO2-selectivities.
4.3.3.3 Discussion
The post-preparative modification of SCR catalysts with TMS-groups causes a strong
deactivation in a dry gas-flow and do not cause a higher H2O-resistance. Probably, the
tree-like shape of these groups causes a shielding effect on the catalyst surface. On
contrary, a grafting of Cu/SiAl with PS-groups can even increase the NO-conversion in
dry gas-flow and causes a higher H2O-resistance. A hydrophobic effect of PS-groups lowers
the adsorption of H2O on the catalyst surface, what is probably the reason for the higher
H2O-resistance. NO2 can bind on PS-groups and potentially also NH3 via an interaction
with the pi-system of the phenyl-ring. In this way, the PS-groups can act as storage for
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Fig. 4.28: Total NOx -uptake and NO2-selectivity of some OS-modified and unmodified catalysts
determined by NOx -TPD. The specific surface area of the unmodified catalysts was used for the
calculation NOx -uptake per surface unit.
the SCR-reactants, what could be a reason for the higher NO-conversion of PS-modified
catalysts in dry gas-flow. Low densities of PS-groups (3.6µmolm−2) are more efficient
than higher densities (14.4µmolm−2) because the corresponding catalyst shows a higher
NO-conversion in presence of H2O. Probably, several reasons contribute for this: (1) The
hydrophobic effect of lower densities of OS-groups is only slightly lower than that of high
densities. (2) An increase of the density of PS-groups decreases the reducibility and with
it the oxidation ability of CuOx . However, a certain oxidation ability is required for the
activation of NH3. (3) Higher densities of PS-groups decrease the accessible pore volume
and (4) TMO-surface area. Obviously, the phenyl-ring contributes somehow in the SCR
reaction. Further investigations are required to clarify, if it acts only as storage of reactants
or if there is a further involvement.
One drawback of PS-modification of Cu/SiAl is the increase of the N2O-formation rate
over the catalyst. The unmodified Cu/SiAl reveals a pretty low N2O-yield of about 1% in
dry gas-flow at 453K, it is increased to 5% by PS-modification. Probably, this is correlated
to the NO-oxidation ability of the PS-modified catalyst. The NO2-selectivity of NOx -TPD
experiments could be increased by PS-modification and it was found that NO2 rather than
NO can bind in the region of the PS-groups. However, it is not clear if the PS-groups
take part in the NO-oxidation or if they just act as a storage of the oxidation product.
High amounts of desorbed NO2 during NOx -TPD indicate the formation of nitrates on
the catalyst surface, which can react to N2O. The higher NO-oxidation ability of the
PS-modified catalyst could also be a further reason for the higher NO-conversion. Because
the presence of NO2 on the catalysts surface enables the fast-SCR reaction.
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Not only the kind and amount of OS-groups grafted on a catalyst influences its surface
chemistry. Residues of the solvent of the silylation agent can remain on the surface
and in the pores of a catalyst. Toluene molecules can form versatile interactions with
other molecules, surface groups and substrates by the pi-system of the phenyl ring. The
application of other solvents and/or drying methods should be investigated to achieve a
solvent free catalyst.
It was not possible to graft the efficient PS-groups on the surface of the Mn/SiTi
catalyst with the used procedure of OS-modification. However, this catalyst shows a higher
NO-conversion in LT-region than Cu/SiAl and would be more interesting for an industrial
application. Although Mn/SiTi showed almost no deactivation by H2O at the tested
conditions (GHSV = 30 000 h−1, 4.5 vol.-% H2O), in an industrial application the catalyst
would be exposed to a higher GHSV and H2O-content of the exhaust gas. However, it was
not possible to simulate those conditions in the used test-apparatus. Anyway, a higher
GHSV and H2O-concentration would cause a more pronounced deactivation of Mn/SiTi by
H2O. For an efficient grafting of PS-groups on Mn/SiTi either the surface structure of MnOx
needs to be varied or the procedure of PS-modification. A hydrothermal pre-treatment
before the PS-modification was tested but gave only an unsatisfactory improvement. As
stated in Sec. 4.2 a binary or even ternary mixed-oxide active component can deliver an
improved NO-conversion, N2O-yield and H2O-resistance by an altered surface structure. It
would only be worthwhile to modify a catalyst with OS-groups, which can provide a high
NO-conversion in LT-region and a certain H2O-resistance by itself. Thus the procedure of
PS-modification should be adapted to a given catalyst system.
4.3.4 Summary of Organosilyl Modification
PS-groups were successfully grafted on a CuOx/SiO2-Al2O3 catalyst for SCR to achieve
a higher H2O-resistance. This study can be seen as a proof of concept that shows, that
OS-modification can be applied to SCR catalysts to prevent the deactivation in LT-region.
OS-groups on the catalyst surface are stable up to 473K, which limits this modification to
applications in LT-region. However, the strongest pronounced influence of H2O on the
activity of an SCR catalyst is at temperatures below 473K. PS-groups turned out to be
efficient for this purpose, while TMS-groups lead to a strong deactivation of the catalyst.
Potentially, a further derivatization of the phenyl ring of PS-groups could further enhance
the activity of the catalyst and may reduce the N2O-formation rate. For now it is not
fully clear how the aromatic system of PS-groups is involved in the reaction mechanism.
It was found, that it has an H2O-repellent effect and stores NO2 and potentially also NH3.
The success of an OS-modification can depend on the catalyst. Especially, a silylation
agent that forms three bonds to the substrate like trichlorophenylsilane requires a certain
structure on the catalyst surface. Further studies of OS-modification of SCR catalysts
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should also consider the used solvent and/or drying conditions. Toluene can remain on
the catalyst surface an block active sites, e.g. NOx -adsorption sites.
4.4 Discussion on the Investigation of H2O-Adsorption
In the previous sections it was shown, that all catalyst modifications which result in a
higher H2O-resistance come along with a decrease of the interactions of a catalyst with
H2O. This shows the importance of a measurement of this interactions for the development
of catalysts with an enhanced H2O-resistance. The term H2O-catalyst interactions includes
the amount as well as the strength of adsorption sites for H2O. Several techniques were
applied in this work to investigate them: H2O-TPD, isothermal H2O-adsorption at elevated
pressure and a gravimetric measurement. As discussed in Sec. 4.1.2.3 the TPD method is
more powerful than the isothermal adsorption since it delivers the number of adsorption
sites as an independent value from the relative distribution of the strength of the adsorption
sites. For a TPD experiment it would be advantageous to saturate the catalyst surface
by a hydrothermal treatment (corresponding results presented in Fig. 4.8) rather than
in a desiccator (corresponding results presented in Fig. 4.18) because the conditions of
a hydrothermal treatment are closer to the SCR application and multilayer adsorption
of H2O is avoided. Although a hydrothermal treatment might be instrumentally more
elaborate. The gravimetric measurement of H2O-adsorbate should be used only, if a TPD
cannot be applied since it will register physisorbed as well as chemisorbed H2O. To avoid
this also the isothermal H2O-adsorption can be used. Although this method is far more
complex, it can deliver the monolayer uptake of H2O.
The investigation of the interactions of a catalyst with H2O seems to be informative
for the development of H2O-resistant SCR catalysts. Nevertheless, the presentation of
H2O-TPD data in recent publications is rare, while NH3-TPD is a standard tool for SCR
catalyst characterization. Also in an NH3-TPD experiment on a dry catalyst H2O can be
released as an oxidation product of NH3. In Fig. 4.29 the release of H2O from Mn/Si-Ti
surface during H2O-TPD and NH3-TPD experiments with a dried as well as a wet sample
are compared. The received maxima of m/z = 18 in the NH3-TPD experiment with a
dry sample do not fit to the received profile of H2O-TPD. Here the release of H2O is
mainly determined by the extent and temperature of NH3-oxidation. Thus, this standard
experiment cannot be used for an additional investigation of the H2O-catalyst interactions
in order to save measuring time and amount of sample during catalyst characterization.
This is different for the NH3-TPD experiment with a wet catalyst sample. Here, the maxima
in the received profile are comparable to the profile of H2O-TPD. Thus, it represents the
H2O-adsorption sites on the catalyst surface. The higher signal intensity of the NH3-TPD
experiment with a wet sample in comparison to the H2O-TPD experiment can be explained
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Fig. 4.29: Comparison of the profiles of released H2O during an H2O-TPD (H2O-saturation at 473K)
and NH3-TPD experiments with a dried as well as a wet sample (H2O-saturation at room temperature)
of Mn/Si-Ti. H2O was detected by MS using m/z =18.
by the H2O-saturation in a desiccator at room temperature instead of a hydrothermal
treatment at 473K. In order to investigate the co-adsorption of NH3 and H2O in a manner
that is more comparable to the SCR conditions, it would be advantageous to saturate
the catalyst simultaneously with NH3 and H2O at a relevant temperature. Corresponding
results should be more appropriate to explain the activity of a catalyst in the presence of
H2O.
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5.1 Conclusions
The SCR reaction in excess of O2 is a pretty complex reaction. First of all, the reaction
can proceed over numerous reaction pathways. The most frequently discussed mechanisms
in literature are the ER- and LH-mechanism of SCR. Additionally, the fast-SCR reaction
can occur and also further mechanisms are described in the literature. Furthermore,
several side reactions can proceed over the SCR catalyst like parasitic NH3-oxidation or
NO-oxidation to NO2. Also an over-oxidation of the SCR reactants can occur that leads
to the formation of N2O via different pathways. The nature of the active sites for these
reactions is unknown in most cases. Only tier reaction products or maybe intermediates in
dependence of the experimental conditions are observable. Often all this makes it difficult
to state which specific reaction is promoted or inhibited by a specific modification of a
catalyst. It becomes even more complex if additionally H2O is present in the simulated
exhaust gas of an SCR-experiment, which causes a partly or full deactivation of the
catalyst.
In this work three different modifications of a catalyst are discussed that lead to higher
H2O-resistance. In the case of the variation of the composition of the active component
(Sec. 4.2), it was concluded that the higher H2O-resistance of Mn0.75Ce0.25 in comparison
to the catalysts loaded only with Mn- or Ce-oxide originates from a general higher catalytic
activity of Mn0.75Ce0.25. The interactions of the catalyst with H2O were only affected in
small amounts. The higher activity is caused by electronic interactions between Mn- and
Ce-oxide. Most of the reports of a higher H2O-resistance in literature are of this type: A
specific modification causes a higher NO-conversion and this comes along with a higher
H2O-resistance. Another origin of a higher H2O-resistance was discussed in Sec. 4.1, where
a mixed-oxide support material was compared to the corresponding single-oxide supported
catalysts. The modification of the support did not cause a higher NO-conversion but a
substantial change of the surface structure of MnOx . This change decreased the amount
of H2O-adsorption sites by 42% while the amount of NH3-adsorption sites was decreased
only by 15%. Moreover, a change of the predominating mechanism of the SCR reaction
from an ER-type to an LH-type was found. The higher H2O-resistance of Mn/Si-Ti in
comparison to the single-oxide supported catalysts was attributed mainly to the lowered
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extent of H2O-catalyst interactions which reduced the amount of adsorbed H2O under
SCR conditions. This is also a reason, why a higher H2O-resistance of Cu/SiAl could
be achieved by a surface modification with PS-groups. During this modification polar
OH-groups on the catalyst surface were substituted by non-polar PS-groups which caused
a hydrophobization of the catalyst. Additionally, the PS-groups promote the SCR reaction
in LT region. Thus, two ways for the achievement of a higher H2O-resistance of SCR
catalysts were found in this work. One is a general increase of the catalytic activity in
LT-region and the other is the reduction of the catalyst’s interactions with H2O.
For the determination of the interactions between H2O and a catalyst the H2O-TPD
technique is the most powerful of the methods investigated in this work. In all of the three
catalyst series a higher H2O-resistance comes along with a reduction in the H2O-catalyst
interactions. The reduction of these interactions can be a key factor in the development
of H2O-resistant SCR-catalysts and should be included in SCR-related studies. However,
there is a lack of publications that deal with this correlation. In the majority of the cases
a higher H2O-resistance is attributed to a general higher activity of the catalyst.
5.2 Outlook
Each discussed catalyst modification causes either one or both of the two ways to achieve a
higher H2O-resistance. A mixed-oxide support lowers the H2O-interactions, a mixed-oxide
active phase leads to a higher activity and a PS-modification can cause both. Each
modification holds the potential of a further development. Beside TiO2 and SiO2 also
one or more further metal oxides like Al2O3 or ZrO2 present in the support material
could bring a further improvement of the activity of the resultant catalyst in presence of
water. It would also be beneficial to optimize the ratios of the metal oxides. Moreover,
the active component of the catalyst could contain further TMOs. Own experiments
where the addition of Cu- or Fe-oxide to Mn0.75Ce0.25-oxide was investigated were not fully
satisfying. However, better results could potentially be achieved with other TMOs like
that of W, Mo, Y, La or Zn as a third constituent of the active component. Since, the
here presented PS-modification was only a proof of concept, this technique holds a huge
potential for a further development. This could include on the one hand the type of the
OS-groups. Beside phenyl groups also other aromatic groups like phenyl derivatives or
even imidazole or azines could be taken into account. On the other hand the method of
OS-grafting can be further investigated. Alternative solvents like dichloromethane or even
supercritical carbon dioxide should be taken into account here. Theoretically, it should be
possible to combine all of the three discussed kinds of catalyst modification in one catalyst
to maximize the H2O-resistance. That means the application of a mixed-oxide support
material, a mixed-oxide active component and a post-preparative OS-modification.
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Since the aim of a further development of an SCR catalyst is in the end to develop a
product, which will be applied on industrial scale, several aspects should be considered.
(1) To minimize the price of the catalyst, the content of expensive metal oxides should
not be too high. Oxides of Mn, Cu, Ce, Ti, Si and Zn are rather cheap, while oxides of
Zr or La would be more expensive, although they do not reach the price of noble metals.
A market analysis could deliver possible limitations of some metal oxides. (2) Also the
method of the catalyst preparation should be a cheap one. This is the reason why a
wet impregnation technique was applied in this work. A co-precipitation method might
also be rather cheap, while a sol-gel synthesis would result in a pretty expensive product.
(3) Since the catalyst will be handled by a plenty of people it would be advantageous, if it
is possible to abstain from toxic metal oxides as of V, Cr, Co or Ni. (4) For reasons of the
social fairness of the product it would be advantageous, if certain metals could be avoided
that were gained predominately under precarious conditions. Here, Co is one example,
which originates worldwide predominately from Congolese mines, where it is extracted by
children under poor conditions [163].
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7 Appendix
7.1 Evaluation of H2O-Sorption Data through
BET-Theory
In the following it is descried how the data received by H2O-sorption were elevated through
the BET-theory [142] to get the specific surface area. The monolayer capacity nM can
be calculated from the BET-equation from the relative pressure p/p0 and the amount of
adsorbed H2O na:
p
p0
na
(
1− p
p0
) = 1
nMC
+
C − 1
nMC
· p
p0
. (7.1)
were C is the C-value. The amount of adsorbed H2O na in dependence of the pressure p
was received by the instrument software. At 298K a saturation vapor pressure of H2O of
p0 = 3.1687 kPa was used. In the BET-plot (p/p0)/na[1− (p/p0)] is plotted as ordinate
versus p/p0 as abscissa. A linear trend is received between p/p0 of 0.05 and 0.3 and a linear
fit delivers its intercept a and slope b. An example of a BET-plot is shown in Fig. 7.1.
The monolayer capacity of adsorbate nM and the C-value can be calculated from a and b:
nM =
1
a+ b
(7.2)
C =
b
a
+ 1. (7.3)
Finally, the specific surface area SBET can be calculated from nM, the Avogadro constant
NA and the average required area of a single adsorbate molecule Sm:
SBET = nMNA Sm. (7.4)
7.2 Evaluation of Kinetic SCR Investigation
A simple kinetic investigation was used to determine the predominating mechanism of
N2O-formation during the SCR reaction over a specific catalyst. Therefor, the SCR
reaction was carried out at a constant temperature and the concentration of the reactants
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a[1
-(
p/
p 0
)]
p/p0
equation y = a + b*x
intercept a 13.43612 ± 1.11077
slope b 948.05214 ± 6.164
residual sum of squares 2.84875
Pearson correlation coefficient 0.99994
R2 (coefficient of determination) 0.99987
c or. R2 0.99983
Fig. 7.1: BET-plot of unmodified TiO2-sample.
NO or NH3 was elevated or dropped by 100 ppm, respectively. An example of the measured
concentrations of NO and N2O of such an experiment is shown in Fig. 7.5.
As stated in Sec. 2.1.3, N2O-formation can proceed via an ER- or LH-mechanism. The
kinetic investigation was used to identify a predominating pathway. The concentration of
formed N2O was used as measure for the N2O-formation rate. In Tab. 7.1 it is postulated
how the measured N2O-concentration and NO-conversion should change, if the SCR
reaction proceed exclusively via a specific mechanism. For the ER-mechanism of N2O-
formation it can be expected that an increase of gaseous NO-concentration lead to enhanced
reaction with primary formed NH2 which can not be further oxidized to NH. Thus, less
NH would be present on the catalyst surface that can react to N2O. That should lead
to a decrease of the measured N2O-concentration. On the other hand, an increase of
gaseous NH3-concentration should initially lead to higher amounts of adsorbed NH2. If
these higher NH2-amounts can not converted by higher amounts of NO to N2, they can be
Tab. 7.1: Postulated changes in measured N2O-concentration xout(N2O) and NO-conversion X (NO)
during SCR by an elevation of the inlet concentration x in of NO or NH3 according to a specific
reaction mechanism. + represents an increase and – a decrease in the corresponding value.
ER-type LH-type
xout(N2O) X(NO) xout(N2O) X(NO)
– xin(NO) + + 0 +
+ xin(NO) – – 0 –
– xin(NH3) – – 0 –
+ xin(NH3) + + 0 +
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further oxidized to NH or N and will finally react with NO to N2O. Hence, an increase of
N2O-concentration should be observed. For the LH-mechanism of N2O-formation a single
change of NO- or NH3-concentration should not cause a difference in the N2O-formation
rate since the adsorbed species of both reactants are required for the formation of N2O.
These postulations are consistent with published investigations [44, 52].
A full kinetic calculation could not be conducted because the concentration of N2 or
NH3 at the reactor outlet could not be measured with the used apparatus.
7.3 Calculation of the Average Oxidation State of Mnz+
from H2-TPR
The oxidation state of Mnz+ was calculated from the specific H2-consumption nspec(H2)
derived from H2-TPR experiments. At the maximum reduction temperature of 973K
MnOx can be reduced to MnO [164]:
MnOx + (x-1)H2 MnO + (x-1)H2O (7.5)
It was assumed, that during H2-TPR only MnOx was reduced to MnO which caused the
consumption of H2. Then it was calculated for each catalyst, how much H2 is needed
to reduce MnO2/support to MnO/support. Depending on the catalyst composition
(n[Si]/n[Ti] = 0.03 and n[Mn]/[n{Si}+ n{Ti}] = 0.3) it was received 2.831mmol g−1 for
Mn/Ti, 2.868mmol g−1 for Mn/Si-Ti and 3.482mmol g−1 for Mn/Si. The oxidation state
Mnz+ was calculated by a comparison of the experimental H2-consumption nspec(H2) and
the calculated for MnIV+ nMnIV+(H2):
z =
(
4− 2
nMnIV+(H2)
nspec(H2)
)
+ 2. (7.6)
7.4 Calculation of the Surface-Density of Mn
For the calculation of the density of Mn on the surface of a catalyst, initially, the amount of
Mn in 1 g of the catalyst is required. Since MnOx can have various oxidation states which
determine the amount of oxygen in the catalyst, it is necessary to know the oxidation
state of Mnz+. This is derived from H2-TPR experiments. For example for Mn/Si-Ti a
composition of Mn3.8+O1.9/SiO2-TiO2 was assumed. Then it is possible to calculate the
amount of Mn n(Mn) with the molar ratios of Mn, Si and Ti (n[Si]/n[Ti] = 0.03 and
n[Mn]/[n{Si}+ n{Ti}] = 0.3) that is present in 1 g of catalyst. Finally, the density of Mn
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on the catalyst surface nsur(Mn) was calculated from n(Mn) and the specific surface area
SBET:
nsur(Mn) =
n(Mn)
SBET
. (7.7)
7.5 Supplementary Data
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Fig. 7.2: Concentration profiles of measured gases of a SCR experiment with variation of the temper-
ature; sample: Mn/Si-Ti, 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, He-balance, GHSV = 30 000 h−1.
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Fig. 7.3: NO-conversion and N2O-yield of SCR reaction at different temperatures of various TMOs
supported on TiO2 (Degussa P25 R©) with n(M)/n(Ti) = 0.4; 500 ppm NO, 575 ppm NH3, 4 vol.-%
O2, He-balance, GHSV = 30 000 h−1.
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Fig. 7.4: Concentration of N2O and NO during NH3-oxidation over MnOx/TiO2 (Degussa P25 R©)
with n(M)/n(Ti) = 0.4; 575 ppm NH3, 4 vol.-% O2, He-balance, GHSV = 30 000 h−1.
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Fig. 7.5: Concentration profiles of measured gases of an SCR experiment with variation of the
concentration of NO or NH3 by 100 ppm; sample: Mn/Si-Ti, GHSV = 30 000 h−1. In phase (I) it was
only purged with He. In the other phases 4 vol.-% O2, 4.5 vol.-% H2O and following concentrations
of NO and NH3 were added: (II) 500 ppm NO and 575 ppm NH3, (III) 400 ppm NO and 575 ppm
NH3, (IV) 600 ppm NO and 575 ppm NH3, (V) 500 ppm NO and 475 ppm NH3, (VI) 500 ppm NO
and 675 ppm NH3.
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Fig. 7.6: NO-conversion and N2O-yield of SCR reaction at different temperatures of the pure TiO2
supports Hombikat R© (HK) UV 100 and 8602; 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, He-balance,
GHSV = 30 000 h−1.
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Fig. 7.7: XRPD pattern of Mn/Ti and Mn/Si-Ti; COD: anatase (96-900-8215).
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Fig. 7.8: DRIFT-spectra of Mn/Si-Ti and comparison samples. Bands at 3735 cm−1 and 3668 cm−1
can clearly be ascribed to Si –OH and Ti–OH, respectively [165]. Bands at 3714 cm−1 and 3649 cm−1
probably represent Si –OH adjacent to TiO2 and Ti–OH adjacent to SiO2.
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Fig. 7.9: Profiles of the concentration of desorbed gases during NH3-TPD experiments of Mn/Ti,
Mn/Si-Ti and Mn/Si with a drying step before the saturation with NH3 as well as the application
of H2O-saturated catalyst samples. The signals were normalized to the specific surface area of the
catalysts.
Tab. 7.2: Weight gain registered during gravimetric adsorbate measurement of OS-modified catalysts
and comparison samples after exposure to water or toluene vapor at room temperature and calculated
molar ratio of toluene-adsorbate to water-adsorbate n(C7H8) n(H2O)–1.
weight gain / µg g−1 n(C7H8)n(H2O)–1
H2O C7H8
SiAl 165 1319 1.56
Cu/SiAl 170 1013 1.17
0.5TMS@Cu/SiAl 133 2516 3.70
1TMS@Cu/SiAl 102 2249 4.31
1PS@Cu/SiAl 68 2141 6.2
SiTi 84 339 0.79
Mn/SiTi 77 235 0.60
1TMS@Mn/SiTi 57 974 3.3
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Fig. 7.10: NO-conversion and N2O-yield of SCR reaction at 393K of MnOx/TiO2 catalysts
with a different surface-density of Mn; 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, He-balance,
GHSV = 30 000 h−1; catalyst: Hombikat R© 8602 support, calcination at 623K, Mn-acetate as
precursor.
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Fig. 7.11: NO-conversion and N2O-yield of SCR reaction at different temperature of MnOx supported
on single-oxide TiO2, mixed-oxide SiO2-TiO2 and mixed-oxide Al2O3-TiO2; 500 ppm NO, 575 ppm
NH3, 4 vol.-% O2, He-balance, GHSV = 30 000 h−1.
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Fig. 7.12: Scanning electron microscopy (SEM) images of (a) Mn/Ti and (b) TiO2 support treated
in the same manner but without addition of an Mn-precursor.
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Fig. 7.13: Isotherms of H2O adsorption at 298K on Mn/Si-Ti and comparison samples.
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Fig. 7.14: Profiles of temperature and concentration of measured gases of a SCR experiment with the
application of a poisoning-sequence; sample: Ce, 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, 4.5 vol.-%
H2O, 50 ppm SO2, He-balance, GHSV = 30 000 h−1.
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Fig. 7.15: XRPD pattern of Mn0.5Ce0.5 and corresponding catalysts loaded only with Mn- or Ce-oxide;
COD: anatase (96-900-8215), cerianite (96-900-9009).
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Fig. 7.16: Profiles of the concentration of desorbed gases during NH3-TPD experiments of Mn-Ce-Ti
catalysts. The signals were normalized to the specific surface area of the catalysts.
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Fig. 7.17: Profiles of desorbed gases from the two used TiO2 support materials Hombikat R© (HK)
UV 100 and 8602 during (a) NH3-TPD and (b) NOx -TPD experiments. The signals were normalized
to the specific surface area of the materials.
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Fig. 7.18: Section of DRIFT-spectrum of 1TMS@Mn/SiTi at 373K showing absorption bands at
2961 cm−1 resulting from C–H stretching in Si(CH3)3-groups and at 1255 cm−1 resulting from
Si–CH3 stretching [156, 157]. The background was subtracted from the measured spectrum for the
determination of the intensity of the band (black line).
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Fig. 7.19: Section of DRIFT-spectrum of 1PS@Mn/SiAl at 453K showing absorption bands at
1431 cm−1 resulting from Si–C6H5 stretching as well as at 3055 cm−1 and 3074 cm−1 resulting from
vibrations of the phenyl-ring. The background was subtracted from the measured spectrum for the
determination of the intensity of the band (black line).
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Fig. 7.20: Relative intensity of the adsorption band at 1431 cm−1 caused by Si –C6H5 stretching
of PS-groups in DRIFT-spectra of several PS-modified catalysts in dependence of the temperature.
Samples were submerged with N2.
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Fig. 7.21: Emission of CO2 during a SCR experiment over 1PS@Cu/SiAl. The sections for the
integration of the concentration to calculate the amounts of emitted CO2 are marked in green;
500 ppm NO, 575 ppm NH3, 4 vol.-% O2, He-balance, GHSV = 30 000 h−1.
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Fig. 7.22: Profiles of concentration of measured gases of a SCR experiment with deactivation by
H2O at 453K; sample: 0.25TMS@Cu/SiAl, 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, 4.5 vol.-% H2O,
He-balance, GHSV = 30 000 h−1.
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Fig. 7.23: NO-conversion X (NO) and N2O-yield Y (N2O) of SCR reaction in pre- and absence of
H2O over TMS-modified and unmodified Mn/SiTi at 453K; 500 ppm NO, 575 ppm NH3, 4 vol.-%
O2, He-balance, GHSV = 30 000 h−1.
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Fig. 7.24: BJH-plot of OS-modified and unmodified Cu/SiAl determined by N2-sorption.
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Fig. 7.25: XRPD pattern of 1TMS@Mn/SiTi and comparison samples; COD: anatase (96-900-8215),
pyrolusite (96-900-9082).
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Fig. 7.26: XRPD pattern of 1TMS@Cu/SiAl and comparison samples; COD: γ-Al2O3 (96-201-5531),
η-Al2O3 (96-110-1169), tridymite (96-900-5271), christobalite (96-101-0922), tenorite (96-152-6991).
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Fig. 7.27: Received profiles of the mass fragmentsm/z = 15, 44 and 28 during NH3-TPD experiments
on OS-modified samples.
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8.1 Einleitung
Stickoxide NOx sind Luftkontaminationen die auf natürlichem Wege in Blitzen oder von
bodenlebenden Bakterien erzeugt werden. Große Mengen werden aber auch von Menschen-
hand emittiert. Sie entstehen bei allen thermischen Verbrennungsprozessen von organischer
Materie, sei es in großen Kraftwerken, kleineren und größeren Müllverbrennungsanlagen,
aber auch beispielsweise in Schmieden, Bäckereien oder Zementwerken und nicht zuletzt
auch in Mobilen Verbrennungsmotoren. Die unter atmosphärischen Bedingungen stabilen
Stickoxide NO, NO2 und N2O haben einen erheblichen Einfluss auf die Umwelt: NO und
NO2 sind beteiligt an der Bildung von saurem Regen, Smog und troposphärischem Ozon.
NO2 kann zu Nekrosen, früher Alterung und Kümmerwuchs bei Pflanzen führen und trägt
zur Überdüngung und Übersäuerung des Bodens bei. Bei Menschen und Tieren können
Schleimhautreizungen und Bronchienverengung bei Asthmatikern hervorgerufen werden.
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Die Emission von NOx (x = 1 oder 2) ist daher gesetzlich geregelt. N2O ist nicht giftig,
birgt jedoch ein etwa 300-mal größeres Treibhauspotential als CO2 und trägt zum Abbau
der Ozonschicht bei.
Zur Vermeidung von NOx -Emissionen werden primäre Maßnahmen, die deren Bildung
während des Verbrennungsprozesses vermindern, und sekundäre Maßnahmen, wie eine
Abgasnachbehandlung, angewendet. Die am weitesten verbreitete Methode der Nachbe-
handlung ist die Reduktion von NOx mit Ammoniak zu Stickstoff und Wasserdampf.
Diese Reaktion läuft spontan bei Temperaturen oberhalb von 1123K ab. Bei geringen
Temperaturen kann sie mit Hilfe von Katalysatoren erzielt werden (selective catalytic
reduction, SCR). Die SCR-Reaktion lässt sich durch folgende Gleichung zusammenfassen
4NO + 4NH3 + O2 4N2 + 6H2O. (8.1)
Derzeit kommerziell erhältliche Katalysatoren für die NH3-SCR können einen hohen
Umsatz von NOx ab Temperaturen oberhalb von 300 bis 723K erreichen. Jedoch erreichen
die Abgase von kleineren Verbrennungsanlagen (wie z.B. den zuvor genannten) diese hohen
Temperaturen häufig nicht. Somit müssen die Abgase künstlich aufgeheizt werden um von
den Unternehmen sanktionsfrei emittiert werden zu dürfen. Wenn möglich, kann hierzu
ein Wärmetauscher installiert werden. In jedem Fall jedoch stellt dieses Aufheizen einen
erhöhten technischen und energetischen Aufwand dar und bewirkt eine Kostensteigerung.
Somit besteht ein ökonomischer und ökologischer Bedarf nach SCR-Katalysatoren, die
auch bei niedrigen Temperaturen unterhalb von 473K (low-temperature, LT) aktiv sind.
Die größte Herausforderung bei der Entwicklung von LT-SCR-Katalysatoren ist deren
Desaktivierung durch H2O unterhalb von 473K. Wasser entsteht bei jeder Verbrennung
von organischer Materie und ist deshalb unvermeidbar im resultierenden Abgas enthalten.
Die als Katalysatoren eingesetzten Übergangsmetalloxide (ÜMOs) stellen aufgrund ihrer
ionischen Struktur ausgezeichnete Adsorbentien für H2O dar. Somit blockiert H2O die kata-
lytisch aktiven Zentren auf der ÜMO-Oberfläche und kann auch deren Redox-Eigenschaften
beeinflussen.
Während der Bearbeitung eines F&E-Projektes (finanziert durch AiF, Nr. 18515 N)
wurden drei verschiedene Wege gefunden eine höhere H2O-Resistenz von NH3-SCR-Kata-
lysatoren zu erreichen: (1) Die Anwendung von mischoxidischen Trägermaterialien anstatt
von Einzeloxidischen, (2) die Anwendung von einer mischoxidischen aktiven Komponente,
(3) sowie eine post-präparative Modifikation der Katalysatoren mit Organosilylgruppen.
Jede dieser Methoden bewirkt eine Minderung der Wechselwirkungen zwischen H2O und
der Katalysatoroberfläche, was mittels verschiedener Adsorptionsuntersuchungen (tempe-
raturprogrammierte Desorption, isothermale Adsorption bei erhöhtem Druck und einer
gravimetrischen Methode) festgestellt wurde. Die gezielte Minderung der H2O-Katalysator-
Wechselwirkungen kann einen Schlüsselfaktor bei der Entwicklung von SCR-Katalysatoren
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mit erhöhter H2O-Resistenz darstellen. Jedoch gibt es zur Zeit kaum Publikationen, in
denen diese Wechselwirkungen untersucht werden. In dieser Arbeit sollen die Beziehungen
zwischen der katalytischen Aktivität und den H2O-Adsorptionseigenschaften dargelegt
sowie die Untersuchung der Ursachen für die erhöhte H2O-Resistenz diskutiert werden.
8.2 Experimentelles
Die Katalysatoren wurden durch Imprägnierung in einem Überschuss an Lösungsmittel
von kommerziell erhältlichen oder nach unseren Vorgaben hergestellten Trägermaterialien
(Venator, CRI Catalyst Leuna) präpariert. Die drei vorgestellten Katalysatoreihen wur-
den über einen längeren Zeitraum verteil präpariert. Mit der Zeit wurden verschiedene
Anpassungen der Präparationsbedingungen etabliert. Zusammenfassend lässt sich die
Präparation folgendermaßen beschreiben: Je nach gewählter aktiver Komponente wurden
Nitrate bzw. Acetate von Mn, Ce und/oder Cu in dest. Wasser gelöst. Darin wurde das
Trägermaterial suspendiert. Die Suspension wurde in einem Rotationsverdampfer bei
333K und 3 kPa getrocknet. Anschließend wurde das trockene Precursor-Träger-Gemisch
verpresst und gemörsert um Partikel mit einer Größe von 100 bis 315µm zu erhalten.
Diese wurden schließlich bei 350 bzw. 773K für 5 h calciniert. Ein MnOx/SiO2 ·TiO2-
bzw. CuOx/SiO2 ·Al2O3-Katalysator wurde bei CRI Catalyst Leuna im kg-Maßstab nach
unseren Vorgaben hergestellt. Die exakten Präparationsbedingen sind hier unbekannt.
Für einen Katalysator wurde ein kommerziell erhältliches TiO2-Trägermaterial (Hombi-
kat R© UV 100) mit SiO2 modifiziert. Dazu wurden 3 g Trägermaterial in 50ml trockenem
Ethanol suspendiert. Dazu wurden unter rühren 250µl Tetraethylorthosilikat (TEOS)
hinzugefügt. Nach 2 h rühren im offenen Becherglas bei Raumtemperatur wurde 1ml dest.
Wasser tropfenweise hinzugegeben und die Mischung auf 353K erhitzt. Nach dem rühren
im offenen Becherglas über Nacht wurde ein trockenes Pulver mit 2wt.-% SiO2 erhalten.
Einige Katalysatoren wurden durch eine Behandlung mit Organosilanen (Hexamethyl-
disilazan oder Phenyltrichlorsilan) modifiziert. Dazu wurden die Katalysatoren zunächst
bei 393K getrocknet. Anschließend wurden 3.5 g in 10ml trockenem Toluol suspendiert
und das Silylierungsmittel hinzugefügt. Dann wurde die Mischung für 3 h unter Reflux auf
393K erhitzt. Nach dem Herunterkühlen auf Raumtemperatur wurden die Katalysatoren
abgefiltert, mit Toluol gewaschen und unter Luft bei 363K getrocknet.
Die Katalysatoren wurden in einer hauseigenen Testapparatur auf ihre Aktivität für die
SCR-Reaktion untersucht. Dazu wurden 200mg Katalysator in einem Quarzglasreaktor
auf Quarzwolle gegeben. Vor einer Messung wurde der Katalysator in diesem Reaktor
bei 573K (mit Organosilylgruppen modifizierte bei 393K) unter He-Strom vorbehandelt.
Für eine SCR-Messung hatte das Feed-Gas standardmäßig (in dieser Arbeit) folgende
Zusammensetzung: 500 ppm NO, 575 ppm NH3 und 4 vol.-% O2 in He. Um den Einfluss von
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Wasser zu untersuchen konnten zudem 4.5 vol.-% H2O dazudosiert werden. Der Gesamtvo-
lumenstrom betrug 120mlmin−1, was einer GHSV von etwa 30 000 h−1 entsprochen hat.
Der Reaktor wurde während einer Messung stufenweise von 75 auf 773K erhitzt. Nachdem
das Gasgemisch den Reaktor passiert hat wurde es durch eine 85wt.-%ige H3PO4-Lösung
geleitet um nicht abreagiertes NH3 zu entfernen. Dann wurde in einem NOx -Konverter
NO2 zu NO reduziert bevor das Gasgemisch in einem nicht-dispersiven Infrarot-Detektor
auf die Konzentration von NO, N2O und CO2 analysiert wurde. Aus der NO- und N2O-
Konzentration wurden der NO-Umsatz und die N2O-Ausbeute als charakteristische Werte
für die SCR-Aktivität in Abhängigkeit von der Temperatur berechnet.
Die H2O-Adsorptionseigenschaften der Kataylsatoren wurden mittels H2O-TPD, iso-
thermaler Adsorption bei erhöhtem Druck und einer gravimetrischen Methode untersucht.
8.3 Ergebnisse und Diskussion
8.3.1 Einfluss eines mischoxidischen Trägermaterials auf die
katalytische Aktivität
Im Folgenden sind die Auswirkungen der Einführung von SiO2 in einem MnOx/SiO2-TiO2-
Katalysator dargestellt und diskutiert. Zum Vergleich wurde auch je ein MnOx/TiO2-
und MnOx/SiO2-Katalysator mit der selben Beladung und Methode präpariert. Das SiO2
wurde durch Hydrolyse von TEOS auf einem kommerziell erhältlichem TiO2-Material
abgeschieden. Dadurch hat das modifizierte TiO2 ähnliche texturelle Eigenschaften wie
das Unmodifizierte. Im Folgenden werden alle drei Katalysatoren nur durch ihre Metallzu-
sammensetztung als Mn/Si-Ti, Mn/Ti bzw. Mn/Si bezeichnet.
Die Ergebnisse der SCR-Testmessungen ohne zusätzlicher H2O-Dosierung zum Feed-Gas
der drei Katalysatoren mit unterschiedlichem Trägermaterial ist in Abb. 8.1a Zusam-
mengefasst. Im LT-Bereich unterhalb von 473K zeigt Mn/Ti einen bedeutend höheren
NO-Umsatz als Mn/Si. Oberhalb von 473K zeigen sie einen ähnlichen NO-Umsatz. Dessen
Abnahme mit steigender Temperatur kann auf eine gesteigerte Oxidation von NH3 zu NO
zurückgeführt werden, wodurch das NH3 auch nicht mehr als Reduktionsmittel für die
SCR-Reaktion zur Verfügung steht. Im gesamten untersuchten Temperaturbereich wurde
eine höhere N2O-Ausbeute über Mn/Ti im Vergleich zu Mn/Si festgestellt. Mn/Si-Ti
zeigt die Vorteile von beiden Katalysatoren mit reinoxidischen Trägermaterialien: Der
NO-Umsatz im LT-Bereich ist so hoch wie bei Mn/Ti und die N2O-Ausbeute ist ähnlich
gering wie bei Mn/Si.
N2O ist ein ungewünschtes Nebenprodukt, dass unter SCR-Bedingungen entstehen
kann. Es kann auf vier verschiedenen Wegen gebildet werden: (1) Durch Oxidation
von NH3 (ohne der Beteiligung von NO). (2) Durch Oxidation von NH3 zu Imid NH
auf der Katalysatoroberfläche, welches mit NO aus der Gasphase zu N2O reagiert. Die-
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Abbildung 8.1: NO-Umsatz und N2O-Ausbeute der SCR-Reaktion in Abhängigkeit der Temperatur
über Mn/Ti, Mn/Si-Ti and Mn/Si (a) ohne H2O-Dosierung and (b) in Gegenwart von 4.5 vol.-%
H2O; 500 ppm NO, 575 ppm NH3, 4 vol.-% O2, He-Tägergas, GHSV = 30 000 h−1.
se Reaktion verläuft nach einem Eley-Rideal-Mechanismus (ER). (3) Durch Oxidation
von NO zu nitrat auf der Katalysatoroberfläche, welches mit adsorbiertem Ammoniak
NH4NO3 bildet, das weiter unter N2O-Freigabe zerfällt. Diese Reaktion verläuft nach einem
Langmuir-Hinshelwood-Mechansimus (LH). (4) Durch die Interaktion zweier benachbarter,
adsorbierter NO-Moleküle.
Die Reduzierbarkeit der Katalysatoren wurde mittels temperaturprogrammierter Re-
duktion mit Wasserstoff (H2-TPR) untersucht. Mn/Si-Ti zeigt eine Verschiebung der
Reduktionsmaxima zu höheren Temperaturen sowie einen höheren H2-Verbrauch nach
einer Vorbehandlung in oxidativer Atmosphäre im Vergleich zu Mn/Ti. Dies zeigt eine
Stabilisierung der höheren Oxidationsstufen von MnOx durch die Einführung von SiO2 an.
In NH3- und NOx -TPD-Untersuchungen von Mn/Si-Ti konnte eine Verminderte Desorption
der Oxidationsprodukte von NH3 bzw. NO festgestellt werden. Somit hat die Stabilisierung
der höheren Oxidationstufen von MnOx zu einem vermindertem Oxidationsvermögen des
Katalysators geführt. Zudem wurde festgestellt, dass durch die Einführung von SiO2 eine
Minderung der Anzahl der Adsorptionsplätze auf der Katalysatoroberfläche für NH3 um
15% und für NOx um 54% bewirkt wurde. Dies deutet neben den elektronischen Ände-
rungen auch auf strukurelle Änderungen hin, die durch die Anwesenheit von SiO2 bewirkt
werden. Diese Änderungen geben eine plausible Erklärung für die verminderte Bildung von
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N2O auf allen vier oben beschriebenen Wegen. Eine einfache kinetische Untersuchung der
SCR-Reaktion über Mn/Si-Ti und Mn/Ti, bei der die Konzentrationen von NH3 bzw. NO
im Feed-Gas geändert wurden, deutet vor allem auf eine Unterdrückung der N2O-Bildung
nach dem ER-Mechanismus hin.
Der NO-Umsatz und die N2O-Ausbeute während der SCR-Testmessungen mit zusätz-
licher H2O-Dosierung zum Feed-Gas über den drei Katalysatoren mit unterschiedlichen
Trägermaterialien ist in Abb. 8.1b dargestellt. Dort zeigt sich vor allem im LT-Bereich ein
deutlich geringerer NO-Umsatz und eine geringere N2O-Ausbeute über allen drei Kata-
lysatoren im Vergleich zur Messung ohne H2O-Dosierung. Dies zeigt die Desaktivierung
der Katalysatoren in Gegenwart von H2O. Von den drei Katalysatoren zeigt Mn/Si-Ti
den höchsten NO-Umsatz in Gegenwart von H2O. Er liegt etwa 9%-Punkte über dem von
Mn/Ti. Somit bewirkte die Einführung von SiO2 eine leicht erhöhte H2O-Resistenz.
H2O-TPD-Untersuchungen haben eine um 42% verminderte Anzahl von H2O-Adsorp-
tionsplätzen auf der Oberfläche von Mn/Si-Ti im Vergleich zu Mn/Ti gezeigt. Dabei hat
sich die Bindungsstärke der einzelnen Adsorptionsplätze nicht durch die Einführung von
SiO2 verändert, aber die Anzahl der stärkeren Adsorptionsplätze wurde geringfügig stärker
vermindert als die der Schwächeren. Auch die durch isothermaler H2O-Adsorption bei
erhöhtem Druck ermittelten Kennzahlen (C-Wert, maximale H2O-Beladung und χ-Wert)
zeigen verminderte Wechselwirkungen zwischen H2O und der Katalysatoroberfläche durch
die SiO2-Einführung. Ursache dafür sind die strukturellen Veränderungen der (amorphen)
MnOx -Oberfläche. Die geringere Anzahl der H2O-Adsorptionsplätze ist wahrscheinlich
ein Grund für für die erhöhte H2O-Resistenz von Mn/Si-Ti im Vergleich zu Mn/Ti. Der
Einfluss von H2O auf die Adsorption von NH3 und NOx wurde ebenfalls untersucht, ergab
jedoch keine eindeutigen Ergebnisse.
8.3.2 Mn-Ce-Mischoxide als aktive Komponente
In einer weiteren Katalysatorreihe wurde die Zusammensetztung der aktiven Komponente
schrittweise von reinem Mn-Oxid über verschiedene Mischoxide hin zu reinem Ce-Oxid
geändert. Dabei kam TiO2 als Trägermaterial zum Einsatz. Im Folgenden werden die
oxidischen Katalysatoren nur nach der Zusammensetzung ihrer aktiven Komponente
bezeichnet, z.B. Mn0,75Ce0,25.
Die Ergebnisse der SCR-Testmessungen mit trockenen Feed-Gas sind in Abb. 8.2a
zusammengefasst. Der Katalysator beladen mit reinem Mn-Oxid zeigt hier einen deutlich
höheren NO-Umsatz im LT Bereich unterhalb von 473K als der mit reinem Ce-Oxid.
Dagegen zeigt der Ce-Katalysator im gesamten untersuchten Temperaturbereich eine N2O-
Ausbeute unter 1%. Herausstechend ist die Aktivität des mischoxidischen Mn0,75Ce0,25-
Katalysators. Dieser zeigt unterhalb von 473K einen höheren NO-Umsatz jedoch auch
oberhalb von 473K eine höhere N2O-Ausbeute als die beiden reinoxidischen Katalysatoren.
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Abbildung 8.2: (a) NO-Umsatz and N2O-Ausbeute der SCR Reaktion in Abhängigkeit von der
Temperatur über Mn-Ce Mischoxid-Katalysatoren und (b) deren Desaktivierungsgrad nach 90min
zusätzlicher Dosierung H2O und/oder SO2 zum SCR Feed-Gas bei 473K; 500 ppm NO, 575 ppm
NH3, 4 vol.-% O2, 4.5 vol.-% H2O, 50 ppm SO2, He-Trägergas, GHSV = 30 000 h−1.
Die übrigen Katalysatoren zeigen eine Aktivität zwischen der von Mn0,75Ce0,25 und Ce.
Somit ergibt sich hier ein synergistischer Effekt von Mn- und Ce-Oxid. Dieser zeigte sich
auch in SCR-Versuchen bei denen die anwendungsrelevanten Katalysatorgifte H2O und
SO2 dem Feed-Gas zudosiert wurden (vgl. Abb. 8.2b). Mn0,75Ce0,25 zeigt bei 473K die
geringste Desaktivierung durch H2O und/oder SO2.
Die Charakterisierung dieser Katalysatorreihe ergab weitere synergisteische Effekte von
Mn- und Ce-Oxid in Mn0,75Ce0,25: (1) Eine leichtere Reduzierbarkeit durch H2, (2) ein
höheres Oxidationsvermögen gegenüber NH3 und (3) eine geringe Bindungstärke von
adsorbiertem NOx . Die Zusammensetzung der aktiven Komponente zeigt hier nur einen
geringfügigen Einfluss auf die H2O-Adsorption. Die H2O-TPD zeigte zwar eine geringere
Beladung von Mn0,75Ce0,25 als bei dem Mn- oder Ce-Kataylsator, aber der Unterschied
ist weniger ausgeprägt als bei der zuvor diskutierten Katalysatorreihe. Alles in allem
wird hier die erhöhte H2O-Resistenz von Mn0,75Ce0,25 auf eine höhere SCR-Aktivität
zurückgeführt. Dies zeigt sich vor allem am höchsten gemessenen NO-Umsatz im LT-
Bereich von Mn0,75Ce0,25 in dieser Katalysatorreihe. Der Großteil der Publikationen über
eine erhöhte H2O-Resistenz von SCR-Katalysatoren lässt sich auf eine allgemein Erhöhte
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Aktivität zurückführen. Der positive Einfluss von Ce-Oxid auf die SO2-Resistenz ist bereits
ausführlich in der Literatur beschrieben und diskutiert.
8.3.3 Modifikation von Katalysatoren mit Organosilyl-Gruppen
Die post-präparative Modifikation von SCR-Katalysatoren mit Organosilyl-Gruppen (OS-
Gruppen) ist eine innovative Methode, die nach meinem wissen zu vor noch nicht publiziert
wurde. Ziel war es, eine Hydrophobierung der Katalysatoren zu erreichen und somit
H2O-Adsorption zu erschweren. Es wurde ein MnOx/SiO2 ·TiO2- und CuOx/SiO2 ·Al2O3-
Katalysator zur Modifizierung ausgewählt, diese werden im Folgenden mit Mn/SiTi bzw.
Cu/SiAl bezeichnet. Die Katalysatoren und entsprechende Trägermaterialien wurden
mit Trimethylsilyl-Gruppen (TMS-Gruppen) oder Phenylsilyl-Gruppen (PS-Gruppen)
modifiziert. Es wurde auch der Einfluss unterschiedlicher Dichten der OS-Gruppen auf die
Eigenschaften der Katalysatoren untersucht.
Zur Untersuchung der thermischen Stabilität der OS-Gruppen wurden die modifizierten
Katalysatoren in einer DRIFTS-Zelle verschiedenen Atmosphären und Temperaturen
ausgesetzt und die Intensität der Absorptionsbande der C–H-Steckschwingung von TMS-
Gruppen (2961 cm−1) bzw. der Si–C6H5-Streckschwingung von PS-Gruppen (1431 cm−1)
beobachtet. TMS-Gruppen auf dem SiAl-Trägermaterial sind unter einer inerten Atmo-
sphäre genau so stabil wie in Gegenwart von 4 vol.-% O2. Dagegen beginnt die Zersetzung
auf Cu/SiAl bei geringeren Temperaturen in Gegenwart von O2 als unter N2-Strom. Das
redoxaktive CuOx scheint die Oxidation der TMS-Gruppen zu katalysieren. Die Zusätzliche
Gegenwart von je 1000 ppm NH3 und NO hat keinen Einfluss auf die thermische Stabili-
tät. Während der SCR-Testmessungen konnte ab 473K eine erhöhte CO2-Konzentration
festgestellt werden, die auf eine Zersetzung der OS-Gruppen hindeutet.
Zur Untersuchung der hydrophoben/hydrophilen Eigenschaften wurden ausgewählte
Katalysatorproben bei 453K getrocknet und anschließend bei Raumtemperatur nicht-
kompetitiv mit H2O bzw. Toluol gesättigt. Die Menge an Adsorbat wurde dabei gravi-
metrisch bestimmt. Allgemein konnte durch die OS-Modifizierung eine Verringerung der
Menge an H2O-Adsorbat und eine Erhöhung der Menge an Toluol-Adsorbat im Vergleich
zu den jeweiligen unmodifizierten Proben festgestellt werden. Dies lässt sich durch eine par-
tielle Substitution der polaren OH-Gruppen auf der Katalysatoroberfläche durch unpolare
OS-Gruppen erklären. Somit konnte eine Hydrophobierung erreicht werden. Das Verhältnis
der Menge an H2O- zu Toluol-Adsorbat eines Katalysators kann als Kennzahl für die
Hydrophobizität betrachtet werden. Ein Vergleich der unterschiedlichen Katalysatoren
zeigt zwei wichtige Erkenntnisse: (1) PS-Gruppen bewirken einen höheren hydrophoben
Effekt als TMS-Gruppen. (2) Eine Probe mit der Hälfte an eingesetztem Silylierungsmittel
zeigt einen ähnlich hohen hydrophoben Effekt, wie die Probe mit der vollen Menge.
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Abbildung 8.3: NO-Umsatz X (NO) und N2O-Ausbeute Y (N2O) der SCR-Reaktion in An- und
Abwesenheit von H2O über PS-modifiziertem und unmodifiziertem Cu/SiAl bei 453K; 500 ppm NO,
575 ppm NH3, 4 vol.-% O2, 4.5 vol.-% H2O He-Trägergas, GHSV = 30 000 h−1.
Die TMS-Modifizierung bewirkte bei Mn/SiTi eine starke Abnahme des NO-Umsatzes
während der SCR-Reaktion mit trockenem Feed-Gas bis 527K, also bis zur Zersetzung
der TMS-Gruppen. Bei Cu/SiAl bewirkte die TMS-Modifizierung eine Verschiebung
des Maximums des NO-Umsatzes zu höheren Temperaturen. Im Gegensatz dazu ist der
NO-Umsatz über PS-modifiziertem Cu/SiAl bis zu einer Temperatur von etwa 500K
nicht sonderlich gesunken. Der Einfluss von unterschiedlichen Oberflächendichten von
PS-Gruppen auf Cu/SiAl auf die SCR-Aktivität bei 453K in Gegenwart von 4.5 vol.-%
H2O ist in Abb. 8.3 dargestellt. Die Zahl vor dem Probennamen gibt die relative Menge
an eingesetztem Phenyltrichlorosilan wieder. Der NO-Umsatz über dem unmodifizierten
Katalysator wird durch H2O stark vermindert (zu erkennen am Unterschied zwischen
dem roten und dem blauen Balken). Dies ist nicht der Fall für die PS-modifizierten
Katalysatoren. Geringe Dichten an PS-Gruppen führen sogar im trockenen Gasstrom zu
einem leicht erhöhtem NO-Umsatz. Der höchste NO-Umsatz in Gegenwart von H2O wurde
über dem Katalysator mit der geringsten PS-Dichte auf der Oberfläche erhalten. Jedoch
führt die PS-Modifikation auch zu einer erhöhten N2O-Ausbeute.
Die starke Desaktivierung von Cu/SiAl durch die TMS-Modifikation im Gegensatz zur
PS-Modifikation kann auf die unterschiedliche geometrische Form der beiden OS-Gruppen
zurückgeführt werden. Die baumartigen TMS-Gruppen scheinen die Katalysatorober-
fläche vor den SCR-Edukten abzuschirmen. Die erhöhte H2O-Resistenz durch die PS-
Modifizierung kann zum einen auf den hydrophoben Effekt der PS-Gruppen zurückgeführt
werden. Jedoch führen diese auch zu einem erhöhten NO-Umsatz im trockenen Gasstrom.
NOx -TPD-Untersuchungen haben auf die Bildung neuer NOx -Adsorptionsplätze im Be-
reich der PS-Gruppen hingewiesen. Außerdem wurde ein erhöhtes Oxidationsvermögen
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gegenüber NO durch die PS-Modifikation festgestellt. NH3-TPD-Messungen waren an
diesem Katalysator nicht möglich, da die Detektion der desorbierenden Gase mit einem
Massenspektrometer durch Toluolrückstände aus der Präparation gestört wurde (NH
und CH3 haben die gleiche Masse). In der Literatur sind pi-Komplexe aus Benzol und
Ammoniak beschrieben, die möglicherweise auch an den PS-Gruppen auftreten können.
Somit können die PS-Gruppen als Vorrat für NH3 und NOx fungieren und dadurch die
SCR-Reaktion unterstützen. Das erhöhte Oxidationsvermögen gegenüber NO führt zur
Bildung von NO2. Dieses ermöglicht die sogenannte fast-SCR-Reaktion, die vor allem im
LT-Bereich schneller ist als die Standart-SCR in Gl. 8.1. Die Funktion der PS-Gruppen
als Vorrat für die SCR-Edukte und die Ermöglichung der fast-SCR-Reaktion stellen zwei
Erklärungen für den erhöhten NO-Umsatz durch die PS-Modifikation dar. Die erhöhte
N2O-Ausbeute über den PS-modifizierten Katalysatoren lässt sich auch auf das erhöhte
Oxidationsvermögen gegenüber NO zurückführen, was zu einer begünstigen Bildung von
Nitrat auf der Katalysatoroberfläche führt. Dieses Nitrat kann in einem LH-Mechanismus
zur Freisetzung von N2O führen. Ob die PS-Gruppen darüber hinaus in der SCR-Reaktion
beteiligt sind, müsste weiter untersucht werden.
8.4 Schlussfolgerungen
Die SCR-Reaktion ist eine ziemlich komplexe Reaktion. Zunächst kann sie nach verschie-
denen Mechanismen wie einem LH- oder ER-Mechanismus ablaufen. Unter Einbeziehung
von NO2 kann auch die fast-SCR-Reaktion ablaufen. Außerdem kann es zur Überoxidation
der Edukte kommen, wodurch auf verschiedenen Wegen N2O freigesetzt werden kann.
Auch können unter SCR-Bedingungen Nebenreaktionen wie die NH3- oder NO-Oxidation
stattfinden. Noch komplexer wird die Angelegenheit in Gegenwart von H2O. Somit kann
es schwer fallen, eine durch Modifikation der Katalysatoren hervorgerufene veränderte
katalytische Aktivität zu erklären.
Im Falle der mischoxidischen Trägermaterialien wurde die erhöhte H2O-Resistenz des
Katalysators auf verminderte Wechselwirkungen mit H2O zurückgeführt, bei den Mn-Ce-
Katalysatoren dagegen auf eine allgemein erhöhte Aktivität des Katalysators und eine
Modifizierung mit PS-Gruppen kann beides bewirken. In all diesen Fällen konnte eine
Untersuchung der H2O-Adsorptioneigenschaften wichtige Hinweise für die Ermittlung der
Ursache für eine erhöhte H2O-Resistenz liefern. Somit stellen solche Untersuchungen ein
hilfreiches Werkzeug für die Entwicklung von H2O-resistenten LT-SCR-Katalysatoren dar.
Jedoch wird eine Untersuchung der H2O-Adsorption in der Mehrzahl der Publikationen zur
NH3-SCR bisher nicht erwähnt. Dabei kann die gezielte Verminderung der H2O-Katalysator-
Wechselwirkungen einen Schlüsselfaktor für die Entwicklung von H2O-resistenten SCR-
Katalysatoren darstellen.
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Publikationen:
keine
